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1. INTRODUCTION, SUMMARY, AND CONCLUSIONS 
Introduction 
This report (Risø-R-427) was commissioned by the Irish Electri-
city Supply Board (ESB) in 1979. It was originally intended for 
submission to a tribunal of inquiry into a proposed nuclear 
power station at Carnsore Point, County Wexford, Irish Republic, 
and was prepared by Risø National Laboratory under contract 
with ESB. Similar work is described in the reports: Risø-R-356 
(1977) "Calculation of the Individual and Population Doses on 
Danish Territory Resulting from Hypothetical Core-melt Accidents 
at the Barseback Reactor", and Risø-R-462 (1982), "Radioactive 
Contamination of Danish Territory after Core-melt Accidents at 
the Barseback Power Plant". 
The present report describes the calculations of doses from 
design-basis accidents and hypothetical core-melt accidents to 
a 600 MWe reactor plant and gives an assessment of the expected 
consequences. 
It was agreed that the analysis should follow the accident de-
scriptions, sequences and probabilities found in the American 
Nuclear Regulatory Commission's ffASH-1400 study, published in 
1975: "Reactor Safety Study, An Assessment of Accident Risk in 
U.S. Commercial Nuclear Power Plants" (NUREG-75/014). 
Por all accidents the consequences are described under the as-
sumption that the most common weather conditions prevail. In one 
case parametric studies were made on the effect of different 
weather conditions, and the worst conceivable conditions were 
used in the analysis of the consequences. 
Maximum individual as well as population doses are calculated for 
a variety of compass directions. Acute and long-term health and 
genetic consequences are described. 
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S u—ary 
Chapter 2 gives the distribution of the resident population in 
the vicinity of Carnsore Point based on the 1979 census. This 
is detailed in a polar grid system having sixteen angular sec-
tors. Only six of the sectors are inhabited as the remaining 
ten cover the surrounding sea. 
Chapter 3 describes the effects of meteorological conditions on 
atmospheric dispersion patterns resulting from accidents. The 
applicability of the Gaussian dispersion model to the present 
study is discussed. Twenty years of data from the meteorological 
station at Rosslare Harbour, 8.5 km north of Carnsore Point, 
were analysed in order to define statistics for wind speed and 
direction, stability conditions, and rain. Use of the Rosslare 
data in the accident study is validated. The meteorological con-
ditions chosen for the consequence calculations are specified. 
Finally, the ranges of meteorological parameters applied in the 
parametric study are given. 
Chapter 4 outlines the choice of reactor physics input data for 
the selected HASH-1400 accident sequences. Reactor core inventory 
at the release times, release fractions for isotope groups, and 
detailed accident descriptions and related probabilities are dis-
cussed. Recent findings concerning accident analyses and prob-
abilities are commented upon and a release fraction parameter 
range is proposed for further analysis. 
Chapter 5 gives a detailed description of PLCCON 2, the Gaussian 
dispersion and dose model used. Also described are the assump-
tions underlying isotopic decay, shielding factors, and the 
health physics data necessary to calculate individual and collec-
tive doses to the whole body or specific organs. Bone-marrow 
doses are preferred in consequence descriptions throughout the 
report. The limitations of the model are further discussed as 
well as the choice of reduction factors for shielding and shel-
tering indoors. 
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Chapter 6 describes in detail the design-basis accidents for the 
two reactor types PWR and BWR. Although the consequences are 
found to be of minor importance they are included in the report 
as their probability of occurrence is relatively high compared 
with the hypothetical core-melt accidents. 
Chapter 7 analyzes in detail the consequences of ten hypothetical 
core-melt accidents. Individual plume centre-line bone-marrow 
doses are described for all accidents. Doses to specific organs, 
the dose distribution for different isotope groups, and collec-
tive doses are also given to some extent. Finally, early and 
late somatic effects as well as genetic effects are discussed. 
Chapter 8 is a parametric study showing the dose variation 
that would result from altering such parameters as weather stab-
ility category, wind speed, deposition velocities, and rainfall 
rate. These parameters are varied for one accident release cate-
gory, PWR 2. The worst conceivable situations are further de-
scribed. Moreover, consideration is given to the variation in 
consequences when varying the release fraction in one accident. 
Finally, the consequences of a proposed "Class 9 accident" are 
discussed. 
Conclusion 
No health consequences are to be expected from the two design-
basis accidents. 
For all ten hypothetical release categories no early fatalities 
are to be expected assuming that supportive hospital treatment is 
available. Assuming minimal treatment for the individuals ex-
posed, the highest figure for r.arly fatality is 0.4 in the PWR 3 
case, which means a 67% probability that no cases would occur, 
27% that one, 5% that two, and 1% that three cases would occur. 
If evacuation is successfully completed then the probability that 
no early fatalities would occur increases to 100%. 
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Assuming a cancer mortality risk of 125 per 10* Sv, the greatest 
number of excess cancer fatalities is found in the case of a 
cold PWR 1A release if this should take place in the most heavily 
populated direction. This figure was calculated to be 100, cor-
responding to 4.5 excess cases per 1000 persons over a 30-year 
period. The corresponding "natural" death rate from cancer for 
the area under consideration is, however, between 51 and 78.6 
(59 for the Irish Republic as a whole). The probability for this 
release is found to be far below 1.6 * 10~8 per reactor year (or 
less than once per 60,000,000 reactor years). 
In the parameter study of the PWR 2 release category, the worst 
situation occurs in very heavy rain if the release takes place 
in the most heavily populated direction (probability less than 
g x 10~10 per reactor year, or less than once per 1,250,000,000 
reactor years). About ten early fatalities can be expected after 
minimal hospital treatment and about four cases after supportive 
treatment. The number of latent cancer fatalities totalling 50.6 
is, however, smaller than it is in the most probable atmospheric 
situation without rain where it is 56 cases. An evacuation scheme 
reduces population exposure significantly. The 56 latent cancer 
fatalities calculated for the PWR 2 release are then reduced to 
41. 
In a proposed "Class 9 accident", bone-marrow doses are found to 
be of the order of 0.1 Sv (10 rem) inside a distance of 2 km 
downwind of the site. 
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2. POPULATION DISTRIBUTION 
2.1. Data 
Population density in the vicinity of Carnsore Point is low. 
Most of the inhabitants are scattered among small towns, vil-
lages and farms. Wexford is the only population centre within 
30 km of the site. This town is about 20 km from Carnsore 
Point and has a population of about 14000. (See Fig. 2.1). 
The data describing the geographical distribution of the popula-
tion in the area are based on the 1979 census (Central Stat-
istics Office, Dublin). This gives data for the population in-
side administrative areas such as district electoral divisions, 
towns, etc. 
In order to adapt the population data for input to the Risø com-
puter programs, the area out tc 30 km from Carnsore point was 
divided into squares of various sizes based on the National Grid 
(see Fig. A 1 in Appendix 1) and the population in each square 
was determined from the census. 
The size of the squares depends on their distance from Carnsore 
Point. This is because the dose consequence model used in the 
study shows that doses decrease rapidly (exponentially) with 
distance (see Chapter 5). "he population density within each 
square is assumed to be uniform. 
The square sizes choser are shown in Fig. 2.2. 
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Distance from Carnsore 
50 km - 100 km 
20 km - 50 km 
5 km - 20 km 
0 km - 5 km 
Square size 
10 x io km 
5 x 5 km 
1 x i km 
0.5 x 0.5 km 
The coordinates for Carnsore Point 
in the National Grid are: 
x = 311.94 km 
y = 103.81 km 
Pig. 2.2. Square sizes used in the description 
of the population distribution in the vicinity 
of Carnsore Point. 
The population data for the squares in the grid were provided 
by the ESB and are shown on Pigs. A2-A4. 
2.2. Population distribution in the Carnsore area 
The distribution of the resident population in the vicinity of 
Carnsore Point was calculated using the above-mentioned data 
and a polar grid. The population data for the meshes in the 
polar grid and the accumulated population data for selected sec-
tors are shown in Pigs. 2.3-2.8. 
Figures 2.3, 2.5 and 2.7 show that for distances of less than 2 
km and between 5 km and 12.5 km from Carnsore Point the most po-
pulated sector lies in the 360° direction. Por distances of be-
tween 2 km and 5 km and of between 12.5 km and 25 km, the most 
populated sector lies in the 337.5° direction. In the sector seg-
ment between 25 km and 30 km, most population is found in the 
315" direction. 
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Fig. 2.1. Resident population (1979) 0.5 to 5 km from 
Carnsore Point. 
360* 
Pig. 2.4. Accumulations of the resident population (1979) 
0.5 to 5 km from Carnsore Point. 
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Fig. 2.5. Resident population (1979) 5 to 15 km from 
Carnsore Point. 
Fig. 2.6. Accumulations of the resident population 
(1979) 5 to 15 km from Carnsore Point. 
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Pig. 2 .7 . Resident population (1979) 15 t o 30 km 
frora Carnsore Point . 360* 
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Pig. 2.8. Accumulations of the resident population 
(1979) 15 to 30 km from Carnsore Point. 
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As 50% of the total population residing at a distance of less 
than 30 kn fro* Carnsore Point are found in the area lying at a 
distance of between 12.5 ku and 25 ka in the 337.5° direction 
which includes Wexford, this sector will receive the greatest 
collective doses. However, the greatest individual doses will 
probably be found in the 360° direction that has the highest 
population density close to Carnsore Point. 
REFERENCE 
CPI (February 1980). Census of Population of Irelard, Vol. 1, 
Population of District Electoral Divisions, Towr.s and 
Larger Units of Area, Central Statistics Office (Dublin). 
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3. METEOROLOGY 
3.K Introduction 
The materials released to the atmosphere following an accident 
in a nuclear power plant are to a large extent gases, droplets, 
and small particles, and these may be carried far away by the 
wind in the same way as is the exhaust from a smoke stack. The 
simplest picture of the atmospheric transport mechanism is that 
of a horizontal plume, made up of the released airborne material, 
and lined up in the direction of the wind. The vertical and 
horizontal dimensions of this plume will increase with increasing 
distance from the source because of the turbulent mixing. 
In the plume the concentration of the effluent will be deter-
mined mainly by the release rate, distance from source, wind 
speed, turbulence, and the removal by dry and wet deposition. 
The calculation of concentrations of radioactive material fol-
lowing a nuclear accident at Carnsore Point are based on this 
simple plume picture, namely the so-called Gaussian plume model; 
consequently knowledge of the climatology in the area that could 
be affected is essential. 
The Gaussian plume model is discussed in the following together 
with the influence of the state of the atmosphere on its par-
ameters. 
3.2. The Gaussian Plume Model 
Only in exceptional circumstances is the smoke issuing from a 
stack shaped as a smooth, horizontal cone with a straight axis. 
The exact deviation of the shape from this "ideal" is difficult 
to determine, but fortunately it seems that in many cases 
(see, e.g., Gi, 68) the shape of the plume becomes quite regular 
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if averaged over a few mini-tes. This smooth average plume is 
really what the Gaussian p?ume model is able to describe. (See 
Fig. 5.2) 
In its simplest form, the model is a statement about the concen-
tration X as function of the coordinates x, y, and z in a co-
ordinate system with the origin in the source, which is con-
sidered to be a point source, the x-axis in the mean wind direc-
tion, and the z-axis vertical: 
Q y2 z2 
X(x,y,z) = exp ( -) . (1) 
2iru
°y°z 2o2 2o2 
Here Q is the source strength in, for example, Ci s~l, u the wind 
speed, and oy and oz the distances in the lateral and verti-
cal directions from the axis at which, for a particular x, the 
concentrations fall to 1//e" ~ 0.6 of that at the axis. The two 
so-called dispersion parameters, ov and oz, are only func-
tions of x for given atmospheric conditions. 
The only atmospheric quantities entering directly into (1) are 
wind speed and wind direction, which define the coordinate 
system. 
Time does not appear explicitly in the Gaussian plume picture, 
and one can imagine that (1) describes a tube, extending from the 
source to infinity, through which material is pushed at speed 
u. Since the amount crossing a vertical cross section per unit 
time is proportional to u, and as the amount that has to be 
transported away per unit time is constant, the concentration 
must be inversely proportional to u. 
As a rule the Gaussian plume model is not used in the form (1), 
because the presence of the ground, or equivalently the effect 
of the finite height H of the release point, must be taken into 
account. It is generally assumed that the dispersed material 
is reflected at the ground so that the effect of the release 
height is accounted for by introducing an imaginary additional 
source in the mirror image with respect to the ground. Instead 
of (1) the concentration becomes 
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Q y2 • *2 
X(x,y,z) * exp ( -) lexp ( -) 
2
*
u V z 2°J 2°z 
(2) 
, (z+2H)2 
+ exp ( -— i ) 
The technical details of the application of the Gaussian plume 
model in the Risø Model are given in Th 80. 
The following two subsections discuss the applicability of the 
model and the influence of the state of the atmosphere on its 
parameters. 
3.2.1. General applicability of the model 
So far only one condition for the validity of the Gaussian model 
has been mentioned, namely that the rough outlines of the in-
stantaneous plume must be smoothed over a period of time to make 
it conform to the shape of a Gaussian plume. However, by this 
stage a number of assumptions have been made for the application 
of the model to the case of the dispersion of airborne material 
from a source of pollution. 
Firstly, the atmospheric turbulence must be homogeneous and sta-
tistically stationary. This implies - in non-technical terms -
that statistically there is no beginning and no end, in space 
or in time, of the turbulent wind field. Of course, the atmos-
phere is not that ideal and consequently this assumption can at 
best be only approximately true. The diurnal variation of the 
atmospheric parameters, for example, will totally invalidate 
stationarity over period? of more than a few hours. Further, the 
sudden changes due to sunrise and sunset may cause the atmosphere 
to respond in such a way that the stationarity assumption will 
not be even approximately true, however brief the period of 
time. Terrain features such as hills, valleys, trees, buildings, 
and even changes in the horizontal directions of crops, on the 
other hand, can bring into doubt the assumption of homogeneity 
in the horizontal directions. Most imports«t, the very presence 
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of the ground seeas to violate even the idea of homogeneity in 
the vertical direction. Because the wind speed is zero ac the 
ground there aust be a wind shear that will only gradually dis-
appear with distance froa the ground. Therefore the Gaussian 
pluae aodel should not be expected to be of auch use, if the 
source is too close to the ground. However, because the par-
ameters used in the aodel are fitted to experiaental data froa 
releases close to the ground, the aodel usually perforas reason-
ably well in such situations. 
Poraulas (1) and (2) indicate that the pollutants are trans-
ported in the wind direction by the aean wind and diffuse verti-
cally and laterally becat^e of turbulent aotion. The effect of 
turbulence on longitudinal transport is entirely ignored. A suf-
ficient condition for this to be a good approxiaation is that 
the root mean square wind speed ou is saall compared to u. 
Usually this is not the case when u is saall (say less than 
0.5 ms~l); under such circuastances there is so little trans-
port away froa the source that no pluae is foraed at all. If 
u has a finite magnitude when «u/u is not saall compared to 
unity, the longitudinal turbulent transport may be neglected and 
the pluae picture restored, provided the distance x froa the 
source is large compared to the horizontal spatial scale of the 
turbulence. 
As already mentioned, tiae does not enter explicitly into the 
Gaussian plume formula but it may enter indirectly, through 
<Jy and oz. Time can also be considered as entering throuqh 
the source strength Q and the wind speed u. This is concept ion al-
ly a contradiction to the assumption about stationarity, at least 
as far as u is concerned, but a possible way to deal with time-
varying wet deposition on the ground, resulting from a time-vary-
ing precipitation rate, is to ascribe the corresponding dilution 
of the plume to a time of variation in Q. Real time variation 
in Q, corresponding to the fact that a physical source must at 
least have a time of start and a time of stop, can be thought of 
as follows. A certain amount of effluent, truncate** at both front 
and rear ends, but shaped according to the "Gaussian cone", trav-
els down this cone at the speed u. In this way it exposes dif-
- 22 -
ferent places downstream fro« the source at different tines. The 
time variation of ov and ox results fros the wavering of the 
plume under the influence of eddies larger than the transversal 
plume dimensions. A discussion of the growth of these two par-
ameters with time is given later. 
The Gaussian pluae for mila applies to a point source. If the 
source has a finite spatial extent* the resulting pluae can be 
thought of as a sua of several point sources, but usually it is 
easier and sufficiently accurate to substitute the real situation 
by one in which there is one point source upstream with respect 
to the real source containing the whole source strength. The dis-
tance upstream is deterained by the transversal diaensions of the 
real source. Having "travelled" froa the fictitious point of re-
lease to the real source, ov and oz should be approxiaately 
equal to the transversal diaensions of the source. 
3.2.2. The influence of averaging time on time-mean 
concentrations 
One of the characteristics of the Gaussian dispersion model 
with dispersion parameters c« and oz given as increasing func-
tions of the distance x from the source, is that the plume con-
centration will decrease with x. Very often the Gaussian plume 
is thought of as a cigar-shaped cloud which is constant with 
time. In general this picture is incorrect because - as easily 
appears fro« looking at the exhaust from a real stack - the plume 
will waver in tine in both vertical and lateral directions with 
respect to the mean wind direction. However, for practical com-
putations this steady Gaussian plume model will generally give 
satisfactorily accurate results, provided that ov and oz are 
averaged over the specified tine of interest. A short qualita-
tive discussion of plume kinematics is needed to explain why 
this is so. 
Consider a plane as being composed of a series of puffs as in-
dicated in Pig. 3.1, where such a series is shown in an instan-
taneous or "frozen" picture. (In order to illustrate the general 
idea better, only a fraction of the total number of puffs is 
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shown). Each puff is transported away from the source by the 
wind, and simultaneously it grows due to the action of turbulent 
eddies with linear dimensions less than or equal to its size. 
The technical term for this growth process is relative diffusion, 
and the growth rate is determined meinly by eddies of a size 
comparable to the puff itself. Statistically the average puff 
size will be a function only of x for a given atmospheric situa-
tion. The average instantaneous plume can thus be characterised 
by the lateral and vertical root-mean-square widths oQv (x) 
and ooz (x) as functions of x. 
Short-term 
concentration 
distribution 
m-m 
Source 
Long-term 
concentration 
distribution 
Long-term 
wind direction 
Pig. 3.1. Series of puffs. 
As a puff moves with the wind, larger and larger eddies will 
take part in and be responsible for its growth. The eddies 
larger than the puff, on the other hand, will make it move 
around in a random fashion and give rise to the aforementioned 
wavering of the plume. At a particular distance x downstream 
from the source, and along an axis determined by the long-term 
wind direction, the puffs will pass a plane perpendicular to 
this direction with a randomly varying distance of their centres 
from the axis. Por short-term averaging the root-mean-square 
width will be smaller than the corresponding long-term aver-
aged root-mean-square width. This is indicated in Pig. 3.1 which 
shows the short- and long-term distributions of the puff dis-
tances from the axis. The long-term distribution has its maximum 
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at the axis and is broader than the short-term distribution, the 
maximum of which is generally off the axis. The root-mean-square 
widths of these distributions of distances from the axis are 
functions of both distance x and averaging time T. They are di-
rectly related to the concentration distributions, for which the 
total-root-raean-square widths are found by adding the root-mean-
square distance and the root-mean-square puff size "by the 
squares" in both vertical and lateral directions. Expressed for-
mally, the mathematical relations are 
o2 (XrT) = o2y (X) + a\y <x,T) (3) 
and 
o\ (x,T) = o2z (X) + o\z (XrT) , (4) 
where o^ y (x,T) and a^z (x,T) are the root-mean-square 
horizontal and vertical distances from the axis at the distance 
x for the averaging time T. 
A case in which the relative diffusion may be neglected is dis-
cussed later, but in general both this and the "random walk" con-
tributions (»ly and «»iz) must be considered. The relative im-
portance of the two terms will change with x for a fixed T. The 
relative diffusion will become more and more important with in-
creasing distance, because the puffs will grow and comprise 
larger and larger eddies in their growth, until in the last some-
what speculative stage all turbulence on all scales is involved 
in the relative diffusion. For distances shorter than several 
tens of the linear scale of the turbulence, dimensional argu-
ments together with )rder-of-magnitude evaluations show that 
relative diffusion is unimportant if the averaging time is large 
compared with the Eulerian time scale. Under such circumstances 
several formulas have been suggested to relate root-mean-square 
width at one averaging time to that at another. The one chosen 
here is that used by Thykier-Nielsen (1980), namely 
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T 1/3 
oy (x,T) « oy (x,T = T0) x (—) (5) 
To 
and 
T 1/3 
o2 (x«T) -• a2 (x,T = T0) * ( ) (6) 
To 
where T is measured in seconds and T 0 is equal *.o 1800 seconds. 
2.2.3. Atmospheric parameters 
Before plume formulas (1) or (2) »ran be used in a computer model, 
the wind direction and actual magnitudes of Q, u, o„, oz and H 
must be determined. The only parameters determined directly are 
the wind speed and direction. As mentioned before, the source 
strength Q used in (1) or (2) need not be the actual amount of 
material pouring out of the source during one unit of time. A 
factor to reduce Q is introduced to account for losses due to de-
position and radioactive decay. Atmospheric stability will in-
fluence both diffusion parameters Oy and oz, as well as the ef-
fective height of release H. This section discusses the following 
meteorological parameters relevant to dispersion in the atmos-
phere: precipitation, atmospheric stability, wind direction, 
wind speed, and mixing height. 
Precipitation and deposition - Whether or not there is precipita-
tion is of great importance for the rate of removal of pollutants 
from the plume. When there is no precipitation the plume is di-
luted only because of deposition on the ground; this process is 
called dry deposition. In this case the lower boundary of the 
plume is affected directly. When there is precipitation the in-
terior of the plume will be diluted directly. 
Dry deposition is usually described quantitatively by means of 
a so-called deposition velocity Vg (m/s) defined as the down-
ward turbulent flux divided by the concentration, both measured 
at the same reference height, usually about 1 m above the ground. 
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The magnitude of vg is a direct measure of the efficiency of the 
dry deposition. It-, depends largely on wind speed and turbulence 
intensity, but also of great importance are the physical, chemi-
cal, photochemical, and biochemical processes taking place at the 
surface when material is deposited. To a large extent these de-
pend on the form of the pollutant, i.e. whether it is a gas or 
an aerosol, and in the latter case, what the particle sizes are. 
Because deposition velocities depend strongly on the type of ma-
terial to be deposited, the composition of the plume changes 
downstream in the sense that the ratios between the concentra-
tions of the different constituents change with distance from the 
source. 
There is wet removal of effluents when there is precipitation. 
It is important to distinguish between below-cloud scavenging, 
or wash-out, and in-cloud scavenging, or rain-out. For wash-out 
a removal rate or wash-out coefficient 1_ (s~1) is usually in-
troduced. This is defined as the rate of change of the concen-
tration divided by the concentration, and it is proportional to 
the precipitation rate; for gases it is a function of how close 
the concentration in the water drops is to the equilibrium con-
centration, and for aerosols a function of the aerosol and drop 
sizes, the latter in the form of a collection efficiency. Plume 
composition changes downstream when there is wash-out too. 
Rain-out is a term covering processes whereby material is removed 
from the plume to the droplets or condensation nuclei of clouds 
and where deposition can take place later elsewhere with the rain 
from the cloud. Rain-out can lead to completely unpredictable de-
position patterns. On the one hand this can give a significant 
reduction of concentration in the plume but, on the other, there 
may be increased contamination of areas at larger distances from 
the source. 
A quantitative description of this phenomenon rfould require as a 
minimum a good model for cloud dynamics, including condensation 
processes, in particular the effect of condensation nuclei. 
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However, neglect of this phenomenon will cause the predicted 
doses to be overestimated in cases where rain-out would have 
taken place. 
In the Gaussian model, dry deposition and wash-out are accounted 
for by source depletion. For dry deposition this means that Q is 
reduced with a distance-dependent factor, as though the plume was 
diluted with the same fraction through the entire cross section 
at that distance. This does not correspond to the actual situa-
tion because the effect of dry deposition must be greater on the 
concentration close to the ground than on that further away. How-
ever, the deposition is usually so small that the approximation 
is considered to be quite accurate. For washout, source depletion 
means that Q is reduced by both a space -u and a time-dependent 
factor, where the latter reflects the variation in precipitation 
intensity. This way of modelling the wet scavenging is in prin-
ciple completely correct if the horizontal dimensions of the part 
of the plume considered are smaller than those of the rain belt. 
It should be borne in mind that when there is rain wash-out it 
is in general fiore efficient in diluting the plume than dry de-
position. Measuring the efficiency of wash-out in terms of a de-
position velocity, vg will be about ozlcj which typically is 0.03 
m/s, but this can be as large as of the order of 1 m/s, whereas 
Vg for dry deposition is typically ai'out 0.01 m/s or less. 
Atmospheric stability - The stability of the atmosphere is an im-
portant concept for describing its dispersion conditions. Stab-
ility can be illustrated by the following example: If a small 
parcel of air is moved upward (or downward), it will expand (or 
be compressed) because the pressure in the atmosphere decreases 
with height. As the volume of the parcel changes, so does its 
temperature, a decrease in temperature corresponding to expansion 
and vice versa. This type of thermodynamic process without heat 
transfer is called an adiabatic expansion (or compression), and 
the change in temperature which occurs can be computed if the 
variation of pressure with height is specified. In the lower at-
mosphere the temperature change with height for an adiabatic ex-
pansion is -1oC per 100 m altitude increase. 
- 28 -
If the surrounding atmosphere has a temperature distribution that 
decreases with height at the same rate, the air parcels will be 
in eguilibrium with each other. In this case the condition of 
the atmosphere is said to be neutral. Under situations of neutral 
stability, atmospheric turbulence occurs only as a result of 
friction with the surface of the earth. 
If the temperature in the atmosphere falls more than 1°C for a 
height increase of 100 m, a parcel which moves upward will ar-
rive at surroundings that are relatively colder. As the warmer 
parcel is lighter it will have a positive buoyancy and the upward 
movement will continue. If, on the other hand, the parcel moves 
downwards it will arrive et surroundings that are relatively 
warmer, and movement will therefore continue downward. Under such 
unstable conditions where each movement in the vertical direction 
is increased, a stronger turbulence results than in a neutral 
situation. If such conditions prevail, the atmosphere is said to 
be unstable. 
If the temperature in the atmosphere falls less than 1°C for a 
height increase of 100 m, or if the temperature rises with in-
creasing height, it can be seen by arguments analogous to those 
above that turbulent motions will be counteracted. In such situa-
tions where buoyancy forces act to oppose vertical motions, the 
condition of the atmosphere is said to be stable. In a stable 
atmosphere, the turbulence level is less than in the neutral at-
mosphere, and when there is strong stability, turbulence motions 
can be nearly eliminated. 
The Rosslare Harbour measurements show that unstable, neutral, 
and stable atmospheric conditions occur for approximately 7, 81, 
and 12% of the time, respectively. 
Stability conditions in the atmosphere have much influence on 
its dispersive ability. This fact can be appreciated by watching 
the visible behaviour of smoke in the atmosphere. It is well 
known that the smoke trail from a tall stack takes a variety of 
forms according to the weather conditions and the time of day. 
Neutral conditions are characterized by moderate wind speed and 
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a thoroughly cloudy sky or high wind speed with or without 
clouds. Under neutral conditions smoke shows a fairly straight, 
well-defined trail which increases in width and height as the 
distance from the source increases. Unstable conditions are 
usually characterized by light winds together with sufficient 
sunshine to warm the ground surface. Smoke behaves in a very 
irregular fashion and the strongly disturbed air over the heated 
surface leads to a rapid spread in the vertical and to an erratic 
variation in the direction of travel of successive sections of 
the smoke plume; it rapidly reaches a stage where it is no longer 
visible. Stable situations occur more frequently at night when 
the wind is generally light and the sky sufficiently clear to re-
sult in an appreciable cooling of the ground. Vertical and hori-
zontal spread is considerably reduced and the smoke moves down-
wind in compact visible form for appreciable distances, often not 
showing a straight trail but something more like a meandering 
river. 
The three categories described above constitute the simplest 
classification of diffusive conditions. In the literature the 
following terminology is often used: 
Atmospheric conditions Plume behaviour 
unstable 
neutral 
s table 
looping 
coning 
fanning 
- « & . 
-r 
: f i jt>. ,,•*„•,:£!_ 
* ^ * « m j ^ -<•'"'"',-**^-« ••'• .-*»>•.•*"*•-. •„V'vV.- i 
v ^ • ^ ^ • ^ ^ • ^ • / ^ • ^ • • • ^ • ^ ^ • ^ ^ • ^ ^ l ^ • • ^ ' / ! l ^ A • ^ ; : ^ ^ ^ ' ^ ^ ^ ^ ^ / ^ ^ / y ^ 
UNSTABLE 
(LOOPING) 
NEUTRAL 
(CONING) 
STABLE 
(FANNING) 
Pig. 3 . 2 . The three charac ter i s t i c plume forms. 
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Nany years of measurement of wind speed, wind direction, and 
horizontal and vertical fluctuations of wind direction, all at 
the effective stack height, yield the best set of singlepoint 
•neteorologicel measurements for estimating climatological stat-
istics for the atmospheric dispersion ability relating to the 
stack considered. Measurements of wind direction fluctuations 
are rather intricate turbulence measurements and have rarely, if 
ever, been obtained on a climatological basis. 
In practical diffusion calculations, the meteorological specifi-
cations will often have to be in terms of the routine data 
available on mean wind speed and direction, and cloud cover or 
vertical temperature gradient. 
Mean wind direction is an important parameter in defining the 
direction in which the plume is transported. The applicability 
of the Gaussian plume model requires a steady mean wind direc-
tion. A shift in the mean wind direction during a continuous 
release will result in a larger area being passed by various 
sections of the plume whereby the actual doses will be appreci-
ably smaller than calculated. 
Wind speed is directly important in determining the initial di-
lution because the initial volume of air containing the amount 
of material emitted in a given time mu3c be proportional to the 
wind speed. However, the wind speed also has an additional con-
trolling influence on diffusion through its effect on turbulent 
mixing in the atmosphere. Turbulent mixing is also strongly in-
fluenced by the state of the sky through its control of the 
thermal stratification of the atmosphere. 
Mixing height - ust as the vertical growth of a plume is limited 
by the presence of the ground, so can growth be limited from 
above; for example, when the layer in which the plume is trans-
ported is of neutral stratification and has a stable layer aloft. 
The layer of the lower atmosphere in which free vertical plume 
rise and growth is possible is called the mixing layer. Its 
thickness is called the mixing height. The effect of a limited 
mixing height on vertical dispersion can be accounted for in the 
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sane way as the effect of the ground, i.e. by using an imaginary 
additional source in the mirror iaage with respect to the top of 
the mixing layer. Often a simpler approach is used where a uni-
form distribution of material in the vertical is assumed from a 
distance which is twice the distance where the mixing height 
equals the effective stack height plus twice the vertical disper-
sion parameter. In the intermediate area between this distance 
and that where the plume hits the top of the mixing layer, the 
concentrations may be obtained by interpolation. 
Section 3.3.2 discusses the use of these parameters in climato-
logical estimates of diffusion. 
3.2.4. Application of the Gaussian model to Carnsore Point 
In view of the preceding discussion, the Gaussian plume model 
might seem rather restricted in its applicability "IO real situ-
ations. Despite this, use of the model is almost the only avail-
able method for calculating the atmospheric dispersion of ma-
terial emitted from single sources. This is because the model 
and the parameters ascribed to it incorporate much empirical 
knowledge of the behaviour of plumes, so that its weaknesses 
are often compensated for. 
The diffusion conditions most closely resembling the idealised 
assumptions behind the model are characterised by a diffusion 
over a horizontal homogeneous terrain to a distance of several km 
from the source. This presumes source heights of less than 100 -
200 m, stability conditions that are neither extremely stable nor 
unstable, a moderate wind, and measurements with averaging times 
from 10 to 60 min. Experiments to verify the model carried out 
under such conditions have shown that it should be able to fore-
cast concentrations to within a factor of 2-3. Use of the 
Gaussian model in cases where these conditions are not fulfilled 
is based on extrapolations that attempt to include knowledge 
about diffusion in the atmosphere. Furthermore, in real situ-
ations the occurrence of instationary and inhomogencous con-
ditions will generally tend to lead to concentrations lower than 
those predicted by the model. 
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Nith regard to Carnsore Point and the prevailing Meteorological« 
cliiMtological, and ortographical conditions there, use of the 
Gaussian plus* Model is well justified. Because there are no ter-
rain obstructions in the field of interest; Moreover the influ-
ence of the coastal situation is minimal for the »ost frequent 
weather conditions (neutral stability, wind speed 6 m/s). 
3.3. Meteorological statistics 
3.S.I. Rosslare Meteorological data 
General description of site and Measurements - The Carnsore Point 
site is located in south-east Ireland on the shores of the Irish 
Sea and the Atlantic Ocean. The cliMate is characterised by mild, 
moist winters and cool, cloudy suMMers with some rainfall, and 
it is Moderated by the warm maritime air associated with the 
Gulf StreaM. The prevailing winds are westerly to south-westerly 
and the average humidity is high, about 85%. The normal tempera-
ture range is 6-20°C with rainfall averaging about 1000 mm per 
annuM. Meteorological data are available from the nearby meteoro-
logical station at Rosslare Harbour, 8.5 km north of the Carnsore 
Point site. 
The Rosslare Meteorological Station is situated 26 m above mean 
sea level (MSL) on the bank rising from the harbour. The dataset 
used in the analysis covers the period 1959-1978 and is available 
on magnetic tapes. A description of the total synoptic weather 
dataset from Rosslare Harbour is given elsewhere. The following 
data were used in this study: 
- Wind direction in tens of degrees from the north 
- Wind speed in knots 
(both averaged over a 10-min period prior to time of 
observation) 
- Present weather 
- Past weather 
- Total amount of cloud in octas 
- Height of lowest significant cloud base in hundreds of 
feet (ceiling) 
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- Amount of precipitation, ir. millimetres and tenths, which 
fell in the 60-min period ending exactly on the hour 
- Rain gauge adjustment in hundredths of a millimetre 
- Duration, in tenths of an hour, of precipitation which 
fell at a rate of not less than 0.1 mm per hour during the 
60 min period ending exactly on the hour. 
Applicability of the Rosslare Harbour data to conditions per-
taining to the Carnsore Point site - Because of the very short 
distance between Rosslare Harbour and Carnsore Point the weather 
will in general be the same in both places. However, measurements 
of wind speed and direction at low heights are strongly influ-
enced by the character of the surrounding terrain. Wind measure-
ments at Rosslare Harbour are made at 10 m height over a terrain 
which rises to 26 m above NSL at a distance of 100 m from the 
shore line. Hence winds from the sector west over north to south-
east will have experienced the rise in elevation of the terrain 
before meeting the measuring instruments at the meteorological 
station. Because wind speeds over an escarpment are usually 
higher than over the surrounding terrain, wind speeds measured 
at Rosslare Harbour in the W-N-E-SE sector may be expected, on 
average, to be higher than those that could be measured at the 
Carnsore site. 
On the other hand, the winds in the most important direction in 
this study, i.e. 156° (sector 6), cfr. Pig. 3.5, towards Wexford, 
will have passed almost 3 km of land before meeting the Rosslare 
instrument whereas a wind coming from the sea would meet an in-
strument at the site directly. Hence the wind speed in sector 6 
will, on average, be higher at the site compared with that at 
Rosslare Harbour. 
The wind direction distribution might be somewhat disturbed by 
the banks at Rosslare Harbour. However, the measured distri-
bution appears as should be expected and is in accordance with 
measurements from other Irish meteorological stations (W.H. wann, 
1973). 
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Meteorological conditions at Rosslare Harbour are thus, in gen-
eral, concluded to be representative of those pertaining to the 
site. The wind speed is probably underestimated in the direc-
tion towards Wexford, but this only introduces a conservatism 
into the calculated dose-probability relations. 
A statistical analysis (Supplement 8) shows that the wind speed 
data from Rosslare Harbour have a distribution in accordance with 
expectation, hence indicating that the data are without flaws. 
(Supplements 1-8 are available on request from Risø Library, see 
reference list). 
3.3.2. Weather categories 
In the previous discussion of the state of the atmosphere and its 
dispersive ability, three basic states were identified: unstable, 
neutral and stable. Obviously the atmosphere does not limit it-
self to three well-separated and easily identifiable states; on 
the contrary, there is a wide spectrum of states. This circum-
stance, together with the need for a method to identify dis-
tinguishable dispersive states of the atmosphere by means of rou-
tine meteorological measurements, led F. Pasquill (1961) to pro-
pose a classification system. This system, which has been widely 
used ever since, assigns the following stability classes to the 
atmosphere: 
No. 
1 
2 
3 
4 
5 
6 
7 
Letter 
A 
B 
C 
D 
e 
P 
G 
State 
extremely unstable 
moderately unstable 
slightly unstable 
neutral 
slightly stable 
moderately stable 
extremely stable 
Simple state 
unstable 
neutral 
stable 
In the metecrological statistics given in Supplements 1-5 the 
stability classes were determined by means of the wind speed, 
and a net radiation index by the following procedure (Turner, 
1964): 
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I) If the total cloud cover is 10/10 and the ceiling is less 
than 7000 feet, use net radiation index equal to 0 (whether 
day or night). 
II) Por night time (between sunset and sunrise): 
a) If total cloud cover < 4/10, use net radiation index 
equal to -2. 
b) If total cloud cover > 4/10, use net radiation index 
equal to -1. 
Ill) Por day tiae: 
a) Determine the insolation class number as a function 
of solar altitude fro« Pig. 3.3. 
b) If total cloud cover « 5/10, use the net radiation 
index in Pig. 3.4 corresponding to the insolation 
class number. 
c) If cloud cover > 5/10, aodify the insolation class 
number by following these six steps: 
1) Ceiling < 7000 ft, subtract 2. 
2) Ceiling > 7000 ft but < 16,000 ft, subtract 1. 
3) Total cloud cover equal 10/10, subtract 1. (This 
will apply only to ceilings > 7000 ft since cases 
with 10/10 coverage below 700° ft are considered 
in item I above). 
4) If insolation class number has not been modified 
by steps (1), (2), or (3) above, assume modified 
class number equal to insolation class number. 
5) If modified insolation class number is less than 1, 
let it equal 1. 
6) Use the net radiation index in Pig. 3.4 corresponding 
to the modified insolation class number. 
When applying this procedure 3 octas were taken as equivalent to 
a cloud cover of 4/10. The solar altitude needed for Pig. 3.3 was 
calculated for the geographical position of Rosslare Harbour for 
each hour around the year using the expression (Seller, 1965) 
cos(90-a) « sintsin* • COS#COS4COST (7) 
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where a is the solar altitude* • latitude, * solar declination, 
and T the hour angle (* « 0° at noon). Thus for any particular 
set of Measurements the corresponding insolation class number 
could be determined from Bq. (7) in combination with Pig. 3.3 
(Turner, 1964). 
Solar altitude 
(a) 
60° < a 
350 < a < 60O 
150 < a < 350 
a < 150 
Insolation 
strong 
moderate 
slight 
weak 
Insolation 
class number 
4 
3 
2 
1 
. 
Pig. 3.3. Insolation as a function of solar altitude. 
Por "a" less than or equal to zero, night-time conditions were 
assumed. The stability class was finally obtained from Pig. 3.4 
as a function of wind speed and net radiation index which, for 
day time, is equivalent to the above insolation class number 
modified according to point III above. 
Wind speed 
m/s 
< 2 
2-3 
3-5 
5-6 
6 < 
4 
1 
1 
2 
3 
3 
Net radiation index 
3 
1 
2 
2 
3 
4 
2 
2 
3 
3 
4 
4 
1 
3 
4 
4 
4 
4 
0 -1 
6 
5 
4 
4 
4 
-2 
7 
6 
5 
5 
4 
Piq. 3.4. Stability class as a function of net radiation 
and wind speed. 
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3.3.3. Results of the statistical analysis 
The results of the statistical analysis are found in Supplements 
1 to 7. 
The probabilities (relative frequency of occurrence) of the wind 
being in a certain sector together with a certain stability, 
rainfall, and wind speed are listed in Supplements 1-5. Defi-
nitions of the wind direction sectors and the wind speed groups 
are given in Pigs. 3.5 and 3.6. Each page in Supplements 1-5 
gives a wind sector, the number of observations in the sector, 
and the corresponding percentage. The distribution of the obser-
vations in the sector in the seven stability categories also ap-
pears. The observations in the categories are further distributed 
into the five wind speed intervals. The probabilities given are 
conditional; hence the probability of there being a wind direc-
tion in sector X and a wind speed in group Y, under atmospheric 
conditions described by a stability category Z and rain in inter-
val Q, is 
P = p x * py x pz x pQ (8) 
where Px is the probability for wind sector X, Pj the prob-
ability for stability category Z, Py the probability for wind 
speed group Y, and PQ the probability for rain interval Q. As 
an example. Supplement 5 gives the probability for wind in sector 
6, stability D, wind speed greater than 6 m/s (group 5) and rain 
between 5-10 mm/hr: Px * 13.4%, Pz = 100%, PY s 87.5%, PQ = 0.1%. 
P = 0.134 * 1 x 0.875 * 0.001 » 0.0001 = 0.01% 
i.e., in one year (* 8766 hours) this situation will occur on 
average for approximately one hour. 
occurrence hour occurrence 
0.0001 * 8766 « 1 
hour year year 
A condensate of the statistics in Supplements 1-5 appears in 
Pigs. 3.7 to 3.13. 
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N 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
I 12 
Degrees 
355 - 24 
25 - 54 
55 - 84 
85 - 114 
115 - 144 
145 - 174 
175 - 204 
205 - 234 
235 - 264 
265 - 294 
295 - 324 
325 - 354 
w 
Fig. 3.5. Definition of wind- direction sectors. The 
meteorological convention is such that a wind in, say, 
sector 6 comes from a direction in the interval 145 -
174 degrees. Note that different convention is used in 
Chapters 2,5,6,7 and 8. 
Group 
Wind speed 
u[m/s] 
1 
< 2 
2 
2-3 
3 
3-5 
4 
5-6 
5 
> 6 
Pig. 3.6. Wind speed groups. 
The figures show that in dry weather, unstable (A + B + C), neu-
tral (D), and stable (E + F + G) conditions prevail 7, 79, and 
14% of the time, respectively. In rainy weather, on the other 
hand, only neutral conditions are of any significance. In the 
Wexford sector the same picture appears, the values being: un-
stable 10%, neutral 84%, and stable 6%. The percentage of un-
stable versus stable situations is reversed, however. Because 
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of this and because D is so dominant, it could be argued that 
the distribution in dry weather 
unstable 10% 
neutral 80% 
stable 10% 
would represent a reasonable choice, irrespective of wind direc-
tion. Such a rounding - off would also agree with the general 
uncertainty in the classification scheme. 
Supplements 6 and 7 give the results of an analysis of rain in-
tensities - rainfall amounts and their accumulations - over 
specific periods. 
Supplement 6 gives the number of occurrences of a given intensi-
ty in mm/h over time intervals of 6, 12 and upto 60 min. As an 
example, an intensity of 5 mm/h was observed 106 times, corres-
ponding to 0.05% of the time or approximately 5 hours a year. Of 
the 106 incidents, 38 took place over a 6-min period correspond-
ing to an intensity of 0.08 mm/min and a total amount of 0.5 mm. 
It follows from Supplement 6 that rain occurs for 11.7% of the 
total time, and 58% of the rain-filled hours show an intensity of 
less than 1 mm/h, 97% an intensity less than 5 mm/h, and 99.7% an 
intensity less than 10 mm/h. 
The rain categories in Supplements 2-4 are chosen in accordance 
with these probabilities; hence the category with light rain 
(0.1 - 1 mm/h) covers 60% of all rainfall situations, and that 
with moderate-to-strong rain (1-5 mm/h) covers the remaining 40%. 
It should be noted that the Gaussian dispersion model operates 
with a constant intensity of rain from the time of release. Hence 
for the computation of the statistics of rain occurring together 
with specific weather tyves as given in Supplements 2-4, it is 
rather the statistics of total amount of rainfall over the period 
considered that have to be considered. 
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ALL % 
u 
A % 
u 
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C % 
u 
D % 
u 
E % 
u 
F % 
u 
G % 
u 
ALL 
0 . 3 
2 . 1 
5 . 1 
7 8 . 9 
9 . 0 
3 . 4 
1 . 2 
1 2 3 4 5 6 7 8 9 10 11 12 
5 . 7 7 . 2 6 . 0 3 . 4 4 . 6 5 . 8 1 0 . 9 2 1 . 1 1 2 . 0 8 . 4 7 . 0 8 . 0 
5 . 7 7 . 6 5 . 9 5 . 2 6 . 1 5 . 9 6 . 2 6 . 1 4 . 7 4 . 4 f,. 1 5 . 7 
0 . 5 0 . 6 2 . 2 1 . 5 0 . 3 0 . 1 0 . 0 0 . 0 0 . 0 0 . 0 0 . 1 0 . 2 
0 . 9 1 . 2 1 . 3 1 . 4 1 . 4 1 . 5 1 . 3 1 . 4 1 . 2 1 . 3 1 . 2 1 . 1 
3 . 1 4 . 9 7 . 9 5 . 7 3 . 0 3 . 9 1 . 3 0 . 7 0 . 4 0 . 8 1 . 0 1 . 7 
1 . 5 3 . 1 2 . 8 2 . 7 3 . 1 3 . 4 3 . 4 3 . 5 2 . 6 2 . 6 2 . 5 2 . 5 
9 . 9 6 . 1 8 . 4 8 . 1 5 . 2 5 . 5 3 . 3 3 . 1 3 . 8 5 . 2 6 . 0 5 . 7 
1 . 1 3 . 5 2 . 4 2 . 2 2 . 7 3 . 1 3 . 1 3 . 3 2 . 7 2 . 6 2 . 6 2 . 7 
7 1 . 6 8 4 . 0 7 6 . 4 7 6 . 3 8 4 . 2 8 3 . 9 8 6 . 4 8 4 . 2 7 0 . 0 6 7 . 6 7 4 . 0 8 0 . 7 
7 . 4 8 . 4 7 . 0 6 . 0 6 . 7 6 . 4 6 . 7 6 . 7 5 • 5 . 1 5 . 9 6 . 4 
5 . 1 3 . 1 3 . 4 5 . 6 5 . 6 4 . 4 5 . 9 « . 5 1 9 . 2 1 6 . 9 1 1 . 4 8 . 5 
3 . 5 4 . 1 3 . 9 4 . 0 3 . 8 3 . 8 3 . 6 3 . 6 3 . 7 3 . 6 3 . 8 4 . 2 * 
5 . 8 1 . 0 1 . 1 2 . 0 1 . 3 1 . 7 2 . 4 2 . 8 5 . 4 7 . 1 5 . 4 2 . 4 
0 . 6 1 . 8 1 . 7 1 . 7 1 . 7 1 . 8 1 . 8 1 . 9 2 . 0 1 . 9 1 . 8 1 . 7 
4 . 2 0 . 4 0 . 6 0 . 9 0 . 5 0 . 5 0 . 7 0 . 6 1 . 3 2 . 4 2 . 2 0 . 9 
0 . 2 1 . 1 1 . 1 1 . 0 1 . 2 1 . 2 1 . 2 1 . 3 1 . 3 1 . 3 1 . 2 1 . 1 
Fig. 3.8. No precipitation. Probability = 87.3% No. of observations 165807 
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7 . 4 1 0 . 1 8 . 0 7 . 1 8 . 4 8 . 3 8 . 2 7 . 7 5 . 7 5 . 0 6 . 0 6 . 8 
0 0 . 1 0 0 . 2 0 . 1 0 0 0 0 0 0 0 . 1 
0 1 . 5 0 2 . 6 1 . 5 0 0 0 0 0 0 1 . 0 
0 . 3 0 . 1 0 0 . 5 0 . 1 0 0 . 1 0 . 0 0 . 5 0 . 4 0 . 2 0 . 6 
1 . 5 3 . 6 0 2 . 6 1 . 0 0 3 . 3 2 . 6 3 . 7 3 . 8 2 . 6 3 . 0 
3 . 5 0 . 8 1 . 1 1 . 8 0 . 5 0 . 4 0 . 4 0 . 7 1 . 9 3 . 4 2 . 7 0 . 8 
0 . 5 1 . 6 1 . 7 1 . 2 1 . 3 2 . 4 2 . 6 2 . 4 2 . 1 1 . 9 2 . 4 1 . 7 
9 2 . 9 9 8 . 3 9 8 . 4 9 6 . 8 9 8 . 3 9 8 . 5 9 8 . 6 9 7 . 2 9 2 . 4 9 1 . 3 9 4 . 2 9 6 . 7 
7 . 9 1 0 . 3 8 . 1 7 . 2 8 . 6 8 . 4 8 . 3 7 . 9 5 . 9 5 . 3 6 . 2 6 . 9 
0 . 4 0 . 1 0 0 . 4 0 . 9 0 . 5 0 . 7 1 . 5 3 . 3 3 . 7 1 . 3 1 . 2 
3 . 6 2 . 6 0 2 . 3 2 . 4 2 . 8 3 . 6 3 . 5 3 . 3 3 . 4 4 . 2 3 . 5 
2 . 3 0 . 4 0 . 5 0 . 2 0 . 2 0 . 4 0 . 3 O.b 1 . 8 1 . 2 1 . 6 0 . 6 
0 . 3 1 . 7 1 . 3 1 . 0 1 . 5 1 . 6 1 . 4 1 . 5 1 . 5 1 . 4 1 . 4 1 . 0 
0 . 6 0 0 0 . 2 0 0 . 1 0 . 0 0 . 1 0 . 2 0 0 0 
0 . 0 0 0 1 . 0 0 0 . 5 1 . 5 1 . 4 1 . 5 0 0 0 
Fig. 3. 9. Precipitation 0.1-1 mm/h. Probability 9.IX No. of observations 17233 
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1.4 0 0 . 6 0 0 . 3 0 . 1 0 . 1 0 . 2 1.9 0 . 5 1.3 0 .4 
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Fig. 3.10. Precipitation 1 - 5 mm/h. Probability = 3.5X No. of observations 6559 
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8.2 
96.2 
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3 
7.7 
6.6 
100 
6.6 
4 
7.4 
7.2 
100 
7.2 
5 
6.4 
7.3 
100 
7.3 
6 
13.4 
10.2 
100 
10.2 
7 
20.4 
9.1 
1.6 
2.1 
96.7 
9.2 
1.6 
5.7 
8 
15.4 
8.0 
100 
8.0 
9 
4.3 
4.3 
92.3 
4.5 
7.7 
1.5 
10 
3.0 
4.6 
88.9 
4.9 
11.1 
2.1 
11 
4.7 
5.2 
92.9 
5.5 
7.1 
1.5 
12 
4.7 
7.9 
7.1 
1.5 
92.9 
8.4 
Fig. 3.11. Precipitation of intensity between 5 and 10 mm/h. The total probability for this 
case was found to be 0.1% (the total number of accurrences observed was 299). These cases 
were distributed over wind direction (first horizontal row, where the probabilities amount 
to 100), stability categories (first column, where «:he probabilities again amount to 100), 
and finally over both direction and stability. In the latter case the probabilities amount 
to 100 in each sector. Also given is the average wind velocity for the e cases. 
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Pig. 3.12. All sectors. Weather categories outside the 
marked area occurred less than 0.05% of the time corre-
sponding to 5 hours per /ear. Due to truncations the 
sum is not always 100%. 
^ - v s t a b i l i t y 
Datase t ^ v ^ 
A l l data 
No r a i n 
Rain: 0 - 1 - 1 
(nvm/h) 1-5 
5-10 
A 
0 . 1 
0 .1 
0 .0 
0 .0 
0 .0 
3 
3 .0 
3 .9 
0 .0 
0 .0 
0 .0 
C 
4 . 3 
5 . 5 
0 .4 
0 . 1 
0 . 0 
D 
8 7 . 3 
8 3 . 9 
9 8 . 5 
9 9 . 7 
100 
E 
3 . 5 
4 . 4 
0 . 5 
0 . 1 
0 . 0 
F 
1.4 
1.7 
0 .4 
0 . 1 
0 . 0 
G 
0 . 4 
0 . 5 
0 . 1 
0 . 0 
0 . 0 
% 
6 . 6 
5 .06 
0 . 9 6 
0 . 5 1 
0 . 0 1 
Pig. 3.13. Sector 6 (Wexfo,-d). Por explanation see 
Fig. 3.12. 
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Supplement 7 gives the statistics for the observed amount of 
rain per hour over a given period in accumulated probabilities 
as a function of the period. As an example, the probability of 
totalling less than 2 mm per hour over a period of three hours 
is 99.0%, and that of less than 1 at is 96.8%, which gives a 
probability of 2.2% of totalling between 1 and 2 a« of rain per 
hour over three hours. 
Note that the interval 0.1 an contains the probability for 
totalling an amount less or equal to 0.1 mm per hour, i.e. it 
includes all situations without precipitation. The upper inter-
val aarked 101 includes all situations with an amount greater 
than 10 am per hour. 
To facilitate calculations of the very small probabilities for 
large amounts of precipitation, a table of frequencies of oc-
currence is included. A table of probabilities is also included. 
When P and G are recorded together with rain, this may in general 
be the result, besides recording errors, of the different time of 
recording the rain and stability data, respectively. For example, 
rain may be observed fro« 1305-1310 whereas the stability data 
are always obtained on the hour (or from 10 minutes before the 
hour to the hour) - in this case 1350-1400. 
Incidents of extreme rainfall - The 22 years of data were 
searched for incidents where the reported amount of rain exceeded 
10 mm in one hour In all, 28 such incidents were found. Pigure 
3.14 shows the dates of the incidents together with the recorded 
amounts of precipitation, wind speed and direction (degrees and 
sectors), visibility, cloud cover, cloud height, and present and 
past weather. Examination reveals that all 28 incidents contain 
internally consistent data, hence they must be regarded as physi-
cally realistic incidents. 
The preferred direction lies in sectors 5 to 9, i.e. south-east 
to west. Twenty of the 28 incidents occurred in these sectors. 
The largest and second largest amounts, 33 and 27 mm, were ob-
served in sector 2, i.e. with a north-east wind. 
Year 
1957 
1958 
1960 
1960 
1961 
1963 
1963 
1965 
1965 
1966 
1966 
1966 
1967 
1967 
Date 
Month 
9 
5 
9 
10 
10 
8 
11 
5 
11 
10 
10 
10 
7 
9 
. 
Day 
24 
9 
28 
2 
6 
19 
7 
4 
13 
10 
12 
13 
31 
2 4 
Hour 
21 
5 
24 
11 
9 
13 
3 
12 
9 
9 
17 
15 
21 
9 
Wind 
speed 
m/s 
10 
1.5 
3.5 
8.5 
12.5 
2 
3 
4.5 
4.5 
10 
2 
5 
1 
6.5 
Wind 
direction 
degrees s 
120 5 
290 10 
240 9 
140 5 
160 6 
250 9 
250 9 
230 8 
130 5 
330 12 
190 7 
130 5 
250 9 
200 7 
Visi-
bility 
km 
1.2 
2.4 
11 
2 
19 
>70 
4.8 
14 
9 
2 
12 
9 
l.o 
3.2 
Precip. 
mm/h 
11.2 
10.1 
11.4 
11.1 
12.3 
12.2 
12.7 
12.8 
10.4 
12.6 
10.7 
10.8 
11.0 
14.8 
Present 
weather 
heavy r. 
steady r. 
steady r. 
modr. r. 
showers 
showers 
after thunder 
showers 
showers 
steady r. 
slight r. 
showers 
steady r. 
modr. r. 
Past 
weather 
rain 
rain 
showers 
rain 
rain 
showers 
thunder 
showers 
thunder 
rain 
rain 
jhowers 
rain 
rain 
Cloud 
cover 
1/8 
8 
8 
8 
8 
7 
6 
7 
7 
7 
8 
8 
8 
8 
8 
Cloud 
height 
100 feet 
3 
9 
3 
8 
13 
23 
7 
16 
22 
4 
12 
14 
3 
1 
F i a . 3 . 1 4 . 
Year 
1968 
1970 
1972 
1973 
1973 
1973 
1974 
1974 
1974 
1974 
1975 
1976 
1978 
1978 
- —,..m. il-., - J 
Date 
Month 
5 
11 
7 
7 
7 
9 
8 
8 
9 
9 
7 
12 
10 
12 
Day 
23 
17 
21 
16 
16 
18 
31 
31 
1 
1 
17 
30 
10 
11 
\ 
Hour 
13 
15 
6 
15 
16 
17 
15 
16 
1 
2 
13 
6 
22 
11 
Wind 
speed 
m/s 
2 
15 
7.5 
3 
4.5 
21.5 
5 
3.5 
1 
4.5 
2 
7.5 
2.5 
9 
Wind 
direction 
degrees 
230 
40 
40 
180 
50 
20 
120 
110 
140 
160 
180 
250 
60 
180 
s 
8 
2 
2 
7 
2 
1 
5 
4 
5 
6 
7 
9 
3 
7 
Visi-
bility 
km 
11 
1.5 
7 
1.2 
2.2 
1.5 
3 
2.5 
6 
6 
4 
4 
45 
4 
Pricip. 
mm/h 
12.2 
10.6 
33.0 
22.5 
27.0 
10.4 
10.6 
22.6 
10.8 
11.9 
13.9 
13.3 
17.7 
11.2 
Present 
weather 
thunder 
s ight r. 
thund. & r. 
steady r. 
steady r. 
steady r. 
thund. ft r. 
r. aft. thund. 
r. ift. thund. 
rain 
steady rain 
sleet 
aft. thund. 
steady rain 
Past 
weather 
thunder 
rain 
rain 
rain 
rain 
rain 
thunder 
thunder 
thunder 
rain 
rain 
snow 
thunder 
rain 
Cloud 
cover 
1/8 
6 
8 
8 
8 
8 
8 
8 
8 
8 
8 
7 
8 
7 
8 
Cloud 
height 
100 feet 
15 
2 
25 
5 
6 
6 
5 
3 
7 
9 
2 
10 
17 
10 
Fig . 3 .14. continued 
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The observed rain intensity-amount-frequency relationships are 
in good agreement with those found by J.J. Logue (1971). For ex-
ample, for Shannon Airport, Logue found that once in 20 years a 
rain intensity of 0.76 mm/min, totalling an aaount of 20 mm, can 
be expected. For Rosslare the corresponding data are 22 years, 
0.74 mm/min and 17.7 mm. 
Incidents of extreme atmospheric stability - Following the stab-
ility criteria given by Turner (1964), one year of data fro« the 
Rosslare station, starting on January 1, 1979, was searched for 
situations with very stable stratification (categories F and G) 
and with a duration of at least three hours. There were 81 such 
cases and the strip-chart recording of wind speed and direction 
was studied for each of then. 
These very stable situations are of interest because they nay 
combine low wind speed and lack of small-scale turbulence, i.e. 
lack of a dispersion mechanism on a scale comparable to or smaller 
than the width of a hypothetical plume from a point source. Under 
such circumstances the concentration in the plume will not change 
with distance from the source, and if, in addition, wind direc-
tion remains constant for several hours, local high concentra-
tions can occur tens of kilometres downstream from the source. It 
is believed that atmospheric conditions giving rise to these so-
called pencil plumes do exist. An excellent example is given by 
Gifford (1968). Standard methods to determine concentrations will 
then underestimate the concentrations because the root-mean-
square lateral width øy assigned to the Gaussian plume formula 
is too large. If, on the other hand, there are large-scale wind 
direction fluctuations then the plume will move very much like 
a serpent. This "meandering" will usually give rise to an ef-
ficient broadening of the plume, so that standard estimates of 
the integrated concentration at a particular point "downstream" 
will be too high. The exact definition of "too high" will be 
strongly influenced by integration time. 
Inspection of the stripchart recordings led to a classification 
of the 81 cases in three broad categories: 
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1) cases in which there is saall-scale turbulence« 
wind speed not zero« 
2) cases without saall-scale turbulence, 
wind speed not zero, and 
3) cases in which the wind speed is nearly zero. 
For category 1 the relative diffusion because of small-scale tur-
bulence will disperse the pi use aore than is expected in cate-
qories P and «. Consequently, standard Methods lead to overesti-
nation of concentrations in these categories. Cases in category 
3 are characterized by the very snail transport that occurs away 
fro« the source. The validity of the Gaussian pluae aodel is very 
questionable here, but since only locations near the source 
(within 5 ka) are affected, there seeas no reason for further 
discussion of cases in this category. Candidates for the "pencil 
pluae" case should be looked for in category 2. 
There were 49 cases in category 1, 15 in 2, and 17 in 3. Of the 
15 cases in category 2, «y was determined for the two which 
froa visual inspection seeaed to have the smallest variation 
in wind direction. Using a aethod described by Kristensen et al. 
(1980), o« was deterained by æans of consecutive ten-ainute 
averages of wind speeds and directions, read off froa the strip 
charts. One case occurred in January and one in August, the lat-
ter giving the saallest oy. This quantity is shown (full lines) 
in Pig. 3.15 as a function of distance x for ore- and three-hour 
averaging tiaes. Por comparison are shown the øy's (dashed 
lines) deterained by a standard aethod described by Thykier-
-Nielsen (1980). Figure 3.15 shows that even in the case be-
lieved to coae closest to the "pencil pluae" aodel, the °y is 
larger than the standard estiaate of Oy. 
On the basis of detailed data froa 1979 it seeas reasonable to 
assuae that standard aethods for deteraining <v for a Gaussian 
pluae under very stable conditions will underestimate the hori-
zontal width and therefore overestiaate the concentration down-
wind. This conclusion is consistent with the findings of Kris-
tensen et al. (1980) for Denmark. 
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X Ctori 
Pig. 3.15. The lateral dispersion parameter oy under very 
stable conditions (F and 6) as a function of the distance x 
fro* the source for integration times equal to 1 and 3 h. 
Pull lines represent Oy estimated from Rosslare data for 
August 27, 1979. Dashed lines show the corresponding <»y 
found by a standard method. The wind direction in this case 
was in a sector relevant to the Wexford area. 
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3.4. Choice of meteorological parameters for the dosé calcu-
lations 
The meteorological parameters entering into dispersion calcu-
lations cannot be chosen independently of one another because the 
situations modelled have to be physically realizable. In the 
stability classification scheme, for example, the wind speed is 
confined to a certain interval in each class. This describes the 
average behaviour of the atmospheric boundary layer. In the at-
mosphere, however, there might be isolated cases where the tur-
bulent structure corresponds to A or P, although the wind speed 
is greater than 3 m/s. Similarly, the turbulent structure may not 
correspond to D even though the wind speed is greater than 6 m/s, 
and the sky is completely overcast; for example, a situation where 
there is strong cold air advection. For this reason some of the 
combinations in the parameter study in Chapter 8 fall outside the 
nominal range. They are included to demonstrate the effect of such 
unusual conditions. 
3.4.1. Deposition 
Regarding deposition, there are characteristic values for these 
processes too in the various dispersion categories. Thus, in gen-
eral, precipitation in category D is associated with prolonged 
periods of frontal rain, while precipitation in the unstable 
categories is associated with short-lived and scattered shower 
activity. As stable stratification is characterized by suppres-
sion of vertical turbulence, especially vertical convection, 
precipitation - particularly in P and G - is very unlikely. 
With respect to deposition, it is impossible to make a single 
calculation giving worst case results for all distances from the 
source. Choosing a high deposition rate results in greater 
amounts of material being deposited close to the source, there-
fore giving higher deposition doses in its immediate vicinity, 
but lower ones at larger distances. A lower deposition rate, on 
the other hand, leads to smaller doses nearby, but doses at larger 
distances are then increased as more material remains in the 
plume for subsequent deposition. At a given distance, however, 
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a particular deposition rate can be calculated that would re-
sult in the highest dose at this distance. From an analytical 
model (Jensen, i980) this is explicitly expressed as 
d = (In D)- 1 (11 ) 
where d is a deposition parameter (either Vg/au or lgH + ax/au), 
D is the nondimensional distance «x/H, and a the vertical 
spreading angle of the plume. Typically, o is ~ 1/33. The re-
sults of this formula agree well with those obtained with the 
PLUCON model (Thykier-Nielsen, 1980) for moderate distances (x 
< a0 km). 
Bounds on the dry deposition velocity vg - The deposition vel-
ocity estimates obtained in this way are not always physically 
obtainable. Thus Vg is bounded by the relation (Chamberlain, 
1953; Jensen, 1981) 
u* 2 
v < ( ) u , (12) 
^ u 
from the downwards diffusive capability of the atmosphere alone 
(u*/u is a characteristic of the turbulent intensity of the at-
mosphere). Thus, in class B, u#/u is typically 0.06 and u is 
2 m/s; it then follows that 
Vg < 0.7 cm/s (in class B). 
In class F the turbulence intensity is typically only half this 
value. Hence 
Vg < 0.2 cm/s (in class F>. 
In practice the deposition velocities are less than these esti-
mates, as the ground surface is not a perfect absorber but has 
an uptake resistance. 
Characteristic values for the wash out coefficient lq - For the 
wash-out process such upper bounds exist only in terms of likely 
precipitation intensities: in general, the larger the intensity, 
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the larger the wash-out. The occurrences of various rain in-
tensities are found in Supplements 6 and 7. 
For a gas the efficiency depends on the solubility of the gas 
in water and the time constant with which a saturated solution 
is obtained. For a very active gas like bromine, Engelmann 
(1968) gives 
Rain intensities 
[mm/hn 
lg[s"s] 
0.06 
IQ"5 
0.1 
1.3*10-5 
0.5 
3*10"5 
1 
4x10"5 
3 
IQ"4 
10 
2x10-4 
100 
IQ"3 
which can be obtained from his Figure 5.11. Iodine, which is one 
of the gaseous elements relevant to nuclear accidems, is less 
active. Ft;-. • ree iodine the coefficient is about two orders of 
magnitude :"js than shown above, and, for example, for the com-
pound CH3I the coefficient is a further two orders smaller 
(Nielsen, 1980). 
Fo^ particles, the wash-out efficiency depends on parcicle size 
and distribution of raindrop size. As raindrop size is empirical-
ly related to rain intensity, and because the particles ensuing 
from an accident are estimated to have sizes in the micrometer 
range, lg becomes a function of intensity alone. Actual values 
approximate those quoted in the table above. 
It should be noted that the worst condition, say at a distance 
of 17 km from an accident at Carnsore, is not represented by 
the largest possible rain intensity. From Eq. (11) above, with 
H • 100 m and u • 6 m/s, the worst possible value of lg is of 
the order of 10"4 s~*, corresponding to a rain intensity of 
perhaps 5 mm/h. Larger rain intensities will result in smaller 
doses, even if the effect of run-off is disregarded. 
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3.4.2. Meteorological input for the accident study 
Meteorological input for the parameter study 
In this section relevant values of the meteorological input for 
the parameter study in Chapter 8 are proposed. Parameters should 
be varied so that only one is changed at a time, whereby its 
significance is clearly shown. However, other variables should 
be changed if necessary to make the corresponding physical situ-
ations realizable. The parameter variation study is performed 
for a PWR 2 release (duration half an hour). 
Stability - The effect of varying this parameter is illustrated 
by making dose calculations for each of the Pasquill classes. 
The wind speed used in each class is the average value for that 
class and for wind direction sector 6 as it appears from analysis 
of the Rosslare meteorological data (Fig. 3.7). The conditions 
are as follows 
Stability 
Wind speed 
m/s 
A 
1.5 
B 
3.4 
C 
3.1 
D 
7.0 
E 
3.8 
F 
1.8 
Because the study is performed for a release lasting for half an 
hour, no plume meandering need be taken into consideration. The 
study is made for dry conditions with vg chosen as 1 cm/s in all 
stability categories. As already mentioned, this is greater than 
it may physically be under stable situations. Thus, the doses 
calralated for Wexford in category F may be somewhat overesti-
mated. 
Wind speed - The effect of this parameter is illustrated by dose 
calculations in both classes D and F. The following wind speeds 
are used: 
Class D 
Class F 
6 
1 
8 
2 
10 
5 
12 m/s 
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As mentioned, 5 m/s is atypical for class P conditions although 
physically possible. The study was done for dry conditions with 
Vg chosen as 1 cm/s in class D and 0.2 cm/s in class P. 
Dry deposition - The effect of dry deposition is illustrated for 
typical conditions of class D, 6 m/s wind speed, and dry weather. 
The deposition velocities chosen are 
vg TO"2 3*10"3 10"3 3x10-4 m/s 
The larger value corresponds to a probable value as the physical 
upper bound is some era per sec in this situation. The lower value 
corresponds to very little depletion of the plume. 
Wash-out - The effect of wash-out is illustrated for the follow-
ing conditions of class D with rain: 6, 8, or 10 m/s wind speeds, 
and vq = 1 cm/s. The wash-out coefficients chosen are 
1 0 3"10~5 10"4 3*10" 
corresponding to precipitation rates of the order of 0, 0.5, 3 
and 15-20 mm/h, respectively. This is an overestimate for iodine 
and submicron particles. 
Release categories - The effects of the various release cat-
egories (PWR 1, PWR 2, ...) are demonstrated for two adverse 
meteorological conditions: class D with 6 m/s wind speed, vg = 
10~2 m/s, and 1 = 3 * 10~4, the latter corresponding to heavy 
rain? and class P with 2 m/s wind speed, and va * 2 * 10~3 m/s. 
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Meteorological input for the hypothetical accident studies 
In this dose calculation category only average meteoroloqical 
conditions are considered, i.e., stability class D, 6 m/s wind 
speed, Vg = 1 cm/s, and dry weather. The reason for this limi-
tation is that these conditions prevail for about 80% of the 
time. Moreover, the effect of the more extraordinary conditions 
is illustrated in the parameter study. 
3.5. Additional remarks 
Sites near bodies of water (such as that at Carnsore Point) may 
be subject to distinct local wind systems. Under fair weather 
conditions the wind has a typical daily variation winds being 
mainly onshore during the day and offshore at night. Onshore and 
offshore winds experience a change of surface roughness and 
temperature gradient patterns which may result in fumigation or 
recirculation under appropriate conditions. An example is shown 
in Fig. 3.16. A shore-line source emits effluent into the stable 
air of the onshore portion of a sea breeze. The associated fan-
ning plume drifts inland until it encounters the developing un-
stable boundary layer of the warmer lane, at which point it 
fumigates. While the resulting smoky mixture is advected further 
inland, a portion of this polluted mass is carried aloft and back 
out over the water by the sea breeze counter-current to form an 
elevated smoke wall. 
Pig. 3.16. Plume behaviour in the vicinity of a coastline 
in fair weather conditions (fine spring day). 
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The onshore flow of marine-modified air has been the subject of 
many air quality considerations. A useful review is found in 
Lyons (1C75). Owing to several factors it is very unlikely that 
phenomena such as fumigation and sea-breeze circulation will give 
rise to doses larger than those calculated for the weather situa-
tions selected in this study. The main factor is that the pheno-
mena occur during transitional periods. Fumigation brings the 
material from the plume down to the ground close to the stack but 
it also spreads the material upwards (to the apparent lid) and 
sideways. Hence fumigation might cause a local high concentration 
over a short period, but because of the strong transitional 
properties of the phenomenon the resulting doses at a given point 
in the fumigation zone are often of minor concern. 
The effect of the marine inversion, which in situations with 
large bodies of cold water nearby can limit substantially the 
height of turbulent mixing, seems also of minor importance with 
regard to Carnsore Point. This appears from an investigation by 
W.H. Wann (1973) where the stability at Valentia Observatory de-
termined at the surface was compared with the stability deter-
mined for the two layers: 0-200 and 100-400 m. The investigation 
concluded that, in general, the stability in the higner layer 
showed a strong tendency to concentrate in the neutral category. 
The influence of a marine inversion would have appeared in the 
statistics as a tendency towards the stable category in the 
higher layer. 
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4. RELEASE OF ACTIVITY IN DESIGN-BASIS AND HYPOTHETICAL CORE-
MELT ACCIDENTS 
When planning this work it was decided to use well known refer-
ences as far as possible. With regard to descriptions of acci-
dents and their releases to the atmosphere, the descriptions in 
the American reactor safety study WASH-1400 were followed in 
principle. Because this study was completed in 1975, a literature 
search was carried out in addition and some comments on the WASH-
1400 findings are included. Finally, Risø National Laboratory has 
attempted to define a consensus in a "class 9 accident" and its 
releases based on present knowledge (spring 1981). 
4.1. Calculation of radionuclide inventory 
The inventory of radionuclides in a reactor core depends, apart 
from on reactor type, also on a number of parameters. The present 
study concerns a 2000 MW thermal Light Water Reactor (LWR) that 
is either a Boiling Water Reactor (BWR) or a Pressurized Water 
Reactor (PWR). 
Nuclide inventories in a BWR and a PWR are compared in Appendix 
2. In both cases typical parameters are chosen for enrichment, 
discharge burn-up, power density and residence times for the 
fuel. The comparison based on the more important nuclides shows 
that there is little difference between the two reactor types, 
and for most nuclides the inventory in the PWR is slightly larger 
than in the BWR. Based on these calculations, the inventory for 
this study was calculated using the following parameters: 
Reactor type PWR 
Enrichment 3.1% 
Power density 34.4 kW/kgO 
Burn up 20.6 MWd/kgU 
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Burn-up is calculated as the average burn-up of the equilibrium 
core at cycle end. It is assumed that the equilibrium core con-
tains four generations of fuel element having average burn-ups 
at cycle end of 8.25, 16.5, 24.75 and 33 MWdAgU- Thus the dis-
charge burn-up is assumed to be 33 MWdAgU. 
Calculations were carried out for a single fuel pin by means of 
the CCC program (Højerup, 1976a) which includes routines for cal-
culating fission product concentrations (Højerup, 1976b) and ac-
tinide concentrations (Mortensen, 1977). The inventory is cal-
culated for the time of which the core becomes subcritical and 
accidents considered, cf. Appendix 3. 
4.2. Release categories 
This report presents the consequences of a series of accidents. 
These range from the worst conceivable in which a core-melt is 
combined with containment failure to a design-basis accident, 
defined as a loss-of-coolant accident PWR 9. For the BWR type 
the three core-melt release types BWR 1, BWR 2 and BWR 3 were 
considered together with the design-basis accident BWR 5. As the 
PWR 1 release type is described with both a low and a high rate 
of energy release, it was decided to describe them both: PWR 1A 
being that with a low rate of energy release (5.9 MW), and PWR 
1B that with a high rate of energy release (152 MW). The release 
category concept and the corresponding release fractions of dif-
ferent isotope groups, a? well as the descriptions of the release 
categories, are in accordance with USNRC, WASH-1400, Appendix VI. 
It should be recalled that the release fractions for a certain 
release category are not the result of a single accident sequence 
but represent several similar sequences. 
For the release categorier considered in this report, the release 
fractions of the core inventory of eight isotope groups are given 
in Fig. 4.1 also showing the WASH-1400 accident probabilities. 
Release 
category 
PWRIA 
PWRIB 
PWR2 
PWR3 
PWR 4 
PWR5 
PWR 6 
PWR9 
BWRl 
BWR2 
BWR3 
BWR5 
Probabi-
lity per 
reactor-
year 
4»10"7 
5*10~7 
8.10'6 
4..10"6 
5« 10"7 
7»10 ' 
6»10-6 
4« 10~4 
i»io-6 
6« 10'6 
2« 10"5 
1»10~4 
Elev-
ation 
of re-
lease 
tm] 
25 
25 
0 
0 
0 
. 0 
0 
0 
25 
0 
25 
150 
Contain-
ment 
energy 
release 
[MW] 
5.9 
152 
50 
1.8 
0.3 
0.1 
n .a 
n.a 
38 
8.8 
5.9 
n.a 
Fraction of core inventory released 
Xe-Kr 
0.9 
0.9 
0.9 
0.8 
0.6 
0.3 
0.3 
3«10"6 
1.0 
1.0 
1.0 
5»10~4 
Or-
ganic I 
6«10"3 
6»10"3 
7»10~3 
6«10"3 
2«10"3 
2*10~3 
2«10"3 
7«10~9 
7-10"3 
7«10"3 
7»10~3 
2»10~9 
I 
0.7 
0.7 
0.7 
0.2 
0.09 
0.03 
8-10"4 
1»10~7 
0.40 
0.90 
0.10 
6»10~11 
Cs-Rb 
0.4 
0.4 
0.5 
0.2 
0.04 
9»10"3 
8*10"4 
6»10~7 
0.40 
0.50 
0.10 
4»10~9 
Te-Sb 
0.4 
0.4 
0.3 
0.3 
0.03 . 
5»10~3 
1«10~3 
1»10"9 
0.70 
0.30 
0.30 
8 »10-12 
Ba-Sr 
0.05 
0.05 
0.06 
0.02 
5»10"3 
1«10"3 
9»10"5 
1»10~11 
0.05 
0.10 
0.01 
8«10"14 
Ru 
a) 
0.4 
0.4 
0.02 
0.03 
3*iO"3 
6«10"4 
-«io~5 
0 
0.5 
0.03 
0.02 
0 
La 
b) 
3»10~3 
3»10"3 
4*1Q~3 
3«10"3 
4-10"4 
7«10'S 
1«10"S 
0 
5«10"3 
4'10"3 
4-1, 3 
0 
Fig. 4.1. Summary of release categories representing ten hypothetical core melt accidents and 
two design-basis accidents, 
n.a. = not applicable 
a) includes Ru, Rh, Mo, Tc. 
b) includes Y, La, Zr, Nb, Ce, Pr, Nd, Pu, Am, Cm. 
(cf. WASH-1400, appendix VI, table 2-1). 
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Brief descriptions of the various physical processes that define 
each release category Mentioned in Fig. 4.1 are given below. Here 
the release fractions of iodine and alkali metals are indicated 
to illustrate the variations in release with release category. 
For »ore detailed information on release categories, see USWRC, 
WASH-1400, appendices V, VII and VIII. 
PWR 1A and PWR IB. This release category can be characterized by 
core acltdown followed by a steam explosion when Bolten fuel con-
tacts the residual water in the reactor vessel. The containment 
spray and heat-removal systems are also assumed to fail, and 
therefore the containment might be at a pressure above ambient 
at the time of the steam explosion. It is assumed that the steam 
explosion would rupture the upper portion of the reactor vessel 
and breach the containment barrier, with the result that a sub-
stantial amount of radioactivity might be released from the con-
tainment in a puff over a period of about 10 minutes. The release 
of radioactive materials would continue at a relatively low rate 
thereafter. The total release would contain approximately 70% of 
the iodines and 40% of the alkali metals present in the core at 
the time of the release. The rates of energy release in the two 
cases are 5.9 and 152 HH, respectively. 
PWR 2. This category is associated with the failure of core-
cooling systems and core melting concurrent with the failure of 
containment spray and heat-removal systems. Failure of the con-
tainment barrier would occur through overpressure, causing a sub-
stantial fraction of the containment atmosphere to be released 
in a puff over a period of about 30 minutes. The release of 
radioactive material would continue at a relatively low rate 
thereafter. The total release would contain approximately 70% of 
the iodines and 50% of the alkali metals present in the core at 
the time of release. 
PtfH 3. This category involves an overpressure failure of the 
containment due to failure of containment heat removal. Contain-
ment failure would occur prior to the commencement of core 
melting and then would cause radioactive materials to be released 
through a ruptured containment barrier. Approximately 20% of the 
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iodines and 20% of the alkali metals present in the core at the 
tiae of release would be released to the ataosphere. Most of the 
release would occur over a period of about 1.5 hours. The re-
lease sweeping action of gases generated by the reaction of the 
molten fuel with concrete. The rate of sensible energy release 
to the ataosphere would be moderately high. 
PWR 4. This category involves failure of the core-cooling system 
and the containment-spray injection system after a loss-of-coolant 
accident, together with a concurrent failure of proper 
isolation of the containment system. This would result in the 
release of 9% of the iodines and 4% of the alkali metals present 
in the core at the time of release. Host of the release would oc-
cur continuously over a period of two to three hours. A relatively 
low rate of release of sensible energy would be associated with 
this category. 
PWR 5. This category involves failure of the core-cooling sys-
tems and is similar to PWR release category 4, except that the 
containment spray injection system would operate to further re-
duce the quantity of airborne radioactive material and to in-
itially suppress containment temperature and pressure. Most of 
the radioactive material would be released continuously over a 
period of several hours. Approximately 3% of the iodines and 
0.9% of the alkali metals present in the core would be released. 
The energy release rate would be low. 
PWR 6. This category involves a core meltdown due to failure in 
the core cooling systems. The containment sprays would not oper-
ate, but the containment barrier would retain its integrity un-
til the molten core proceeded to melt through the concrete con-
tainment base mat. The radioactive materials would be released 
into the ground, with some leakage to the atmosphere occurring 
upward through the ground. Direct leakage to the atmosphere would 
also occur at a low rate prior to containment-vessel melt-through. 
Most of the release would occur continuously over a period of 
about 10 hours. The release would include approximately 0.08% 
of the iodines and alkali metals present in the core at the time 
of release. The energy release would be very low. 
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PWR 9. This category approximates a PNR design basis accident 
(large pipe break), in which only the activity initially con-
tained within the gap between the fuel pellet and cladding 
would be released into the containment. The core would not melt. 
It is assumed that the minimum required engineered safequards 
would function satisfactorily to remove heat from the core and 
containment. The release would occur over the 0.5-hour period 
during which the containment pressure would be above ambient. 
Approximately 0.00001 % of the iodines and 0.00006% of the alkali 
metals would be released. The energy release rate would be very 
low. 
BWR 1. This release category represents a core meltdown followed 
by a steam explosion in the reactor vessel. The latter would 
cause the release of a substantial quantity of radioactive ma-
terial to the atmosphere. The total release would contain ap-
proximately 40% of the iodines and alkali metals present in the 
core at the time of containment failure. Host of the release 
would occur over a 1/2 hour period. Because of the energy gene-
rated in the steam explosion, this category would be character-
ized by a relatively high rate of energy release to the atmos-
phere. This category also includes certain sequences that in-
volve overpressure failure of the containment prior to the oc-
currence of core melting and a steam explosion. In these se-
quences, the rate of energy release would be somewhat smaller 
than for those discussed above, although it would still be re-
latively high. 
BWR 2. This release category represents a core melt down result-
ing from a transient event in which decay-heat-removal systems 
are assumed to fail. Containment overpressure failure would re-
sult, and core melting would follow. Most of the release would 
occur o/er a period of about three hours. The containment failure 
would be such that radioactivity would be released directly to 
the atmosphere without significant retention of fission products. 
This category involves a relatively high rate of energy release 
due to the sweeping action of the gases generated by the molten 
mass. Approximately 90% of the iodines and 50% of the alkali 
metals present in the core would be released to the atmosphere. 
- 67 -
BWR 3. This release category represents a core meltdown caused 
by a transient event accompanied by a failure to scram or fail-
ure to remove decay heat. Containment failure would occur either 
before core melt or as a result of gases generated during the 
interaction of the molten fuel with concrete after reactor vessel 
melt-through. Some fission product retention would occur either 
in the suppression pool or the reactor building prior to release 
to the atmosphere. Host of the release would occur over a period 
of about three hours and would involve 10% of the iodines and 10% 
of the alkali metals. For those sequences in which the contain-
ment would fail due to overpressure after core melt, the rate of 
energy release to the atmosphere would be relatively high. For 
those sequences in which overpressure failure would occur before 
core melt, the energy release rate would be somewhat smaller, 
although still moderately high. 
BWR S. This category approximates a BWR design-basis accident 
(large pipe break) in which only the activity initially con-
tained within the gap between the fuel pellet and cladding would 
be released into containment. The core would not melt, and con-
tainment leakage would be small. It is assumed that the minimum 
required engineered safeguards would function satisfactorily. 
The release would be filtered and pass through the elevated 
stack. It would occur over a period of about five hours while the 
containment is pressurized above ambient and would involve ap-
proximately 6 x 10-9% of the iodines and 4 x 10~7% of the alkali 
metals. Since core melt would not occur and containment heat 
removal systems would operate, the release to the atmosphere 
would involve a negligibly small amount of thermal energy. 
4.3. Release conditions 
In addition to probability and release magnitude (Fig. 4.1), the 
parameters characterizing the various hypothetical accident 
sequences are time of release, duration of release, warning time 
for evacuation, height of release, and rate of energy release of 
the plume. 
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The time of release (Pig. 4.2) is the time interval between the 
start of the hypothetical accident (reactor shut-down) and the 
release of radioactive material from the containment building to 
the atmosphere. It is used to calculate the initial decay of 
radioactivity from the time of shut-down. 
Release 
category 
PWR 1 A 
PWR 1 B 
PWR 2 
PWR 3 
PWR 4 
FWR 5 
PWR 6 
PWR 9 
BWR 1 
BWR 2 
BWR 3 
BWR 5 
Time of 
release 
[hi 
2.5 
2.5 
2.5 
5.0 
2.0 
2.0 
12.0 
0.5 
2.0 
30.0 
30.0 
3.5 
Duration 
of release 
th] 
0.5 
0.5 
0.5 
1.5 
3.0 
4.0 
10.0 
0.5 
0.5 
3.0 
3.0 
5.0 
Warning 
time 
[h] 
1.0 
1.0 
1.0 
2.0 
2.0 
1.0 
1.0 
n.a. 
1.5 
2.0 
2.0 
n.a. 
Fig. 4.2. Time of release, duration of release and 
warning time, for the 12 release categories accord-
ing to USNRC (WASH-1400), 1975. 
n.a. » not applicable 
The duration of release (Fig. 4.2.) is the total time during 
which radioactive material is emitted into the atmosphere. It i 
used to account for continuous releases by adjusting for hori-
zontal dispersion due to wind meander. The parameters of time 
and duration of release represent the temporal behaviour of the 
release in the dispersion model. 
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Fig. 4.3. Warning time, duration of release, and 
exposure time (8 hours) as a function of time 
after shut-down for 12 release categories in ac-
cordance with OSNRC (WASH-1400), 1975. 
The warning time for evacuation (Pig. 4.2) is the interval be-
tween awareness of impending release and the actual release of 
radioactive material from the containment building. 
The height of release and the rate of energy release in the 
plume (Pig. 4.1) affect the manner in which the plume would be 
dispersed in the atmosphere. 
The exposure period of eight hours is assumed to start simul-
taneously with the start of the warning time. 
Figure 4.3 shows the three different periods of time, warning 
time, duration of release, and exposure time, as a function of 
time after shut-down for the release categories considered. 
For all release categories except PWR 6, the eight-hour ex-
posure time is longer than warning time + duration of release. 
It should be noted that for the two design-basis accidents, PWR 
9 and BWR 5, no warning times are given and hence these are not 
taken into account. 
4.4. Amount of activity released 
The amount of activity released in each release category is es-
timated on the basis of the core inventory at two points of time 
after reactor shut-down: at the beginning and at the end of the 
release period. In the calculation of the amount of each single 
isotope released, the release fraction, as given in Fig. 4.1, 
and the half-life of the isotope arc taken into account. Ap-
pendix 3 describes the calculation of the activity release, and 
the amount of each single isotope released is shown for each 
release category. 
4.5. Recent investigations 
Until 1975 the only study in which an attempt was made to esti-
mate the amounts of radionuclides released following a core-
melt accident was the WASH-1400 study. Following this a Risk 
Study was made in Germany (Birkhofer et al., 1979). The latter 
study used the same models for the release of radionuclides as 
used in WASH-1400 because knowledge at the time of its publica-
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tion did not sufficiently support new models. However, it now 
appears that results of research mainly carried out in the USA 
and West Germany may lead to reconsideration of both the prob-
abilities of certain accident sequences and the amounts of ma-
terial released. 
The consequences of •* reactor accident are very dependent on 
whether the containment fails or not, and if it does fail then 
at what time the failure takes place and in what mod*. 
Recent research, at the moment primarily directed towards PWRs, 
has led to an estimated probability of containment failure fol -
lowing a core melt-down that is smaller than the WASH-1400 re-
sults. 
Experimental work at the Sandia Laboratory in USA (Berman et 
al., 1980) indicates that the probability of a steam explosion 
is two orders of magnitude lower than assumed in WASH-1400. The 
probability of the most serious PWR release category in WASH-
1400, category 1, is thus reduced by two orders of magnitude. 
Theoretical and experimental work at the Kernforschungszentrum 
Karlsruhe, Germany, (Rininsland et al., 1980) shows that, for a 
German PWR, the time from a core-melt until overpressure failure 
of the containment due to steam and gas generation and hydrogen 
jnbustion is 2-3 days. The concrete base mat of the containment 
is not likely to melt through. It has also been shown that the 
concentration of radioactive materials in the containment atmos-
phere will decrease by 3-5 orders of magnitude over 2-3 days. 
Thus the amount of radionuclides available for release to the 
environment at the time of containment failure is very small. It 
appears that the release during the accident will be determined 
by the leak rate from the containment. Por an isolated contain-
ment, the design leak rate may be 0.25% of total volume per day. 
Jf the leak rate equals the design leak rate, the amount of 
radionuclides released in accident sequences which in WASH-1400 
would be category 2 and 3 releases will be 10~2 - 10~3 times the 
WASH-1400 results. This is the result of the longer time interval 
between core melt and containment failure in the new calcu-
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1 at ions, and also the use of more refined models for calculat-
ing aerosol behaviour in the containment. 
It must be realized that accidents without structural failure 
of the containment may lead to releases in categories 2 and 3. 
The dominant accident sequence in HASH-1400 leading to a PWR 
2 release is one in which failure of the check valves separ-
ating the high-pressure injection system inside the contain-
ment from the injection system outside the containment leaves 
an open passage from the core to the environment. Proper design 
should make it possible to avoid, or to make the probability 
very low for the opening of such pathways. 
Thus it may appear in future that the PWR 1, 2 and 3 releases 
make a very small contribution to the risk from core meltdown 
accidents, and that the most serious consequences of a core-melt 
would result from failure to isolate the containment. 
In WASH-1400 the PWR release category with a melted core and a 
non-isolating containment (and failure of the containment radio-
activity removal system as well) is PWR 4. Without going into 
a detailed study of accident sequences leading to the PWR 4 re-
lease, it is here considered to represent this situation. 
The probability of the release will of course differ from that 
given in WASH-1400 and will have to be found by means of a full 
analysis of the actual plant. 
Even the PWR 4 release category may prove to be a conservative 
representative of the "worst conceivable reactor accident". As 
pointed out by Gjørup (1983), a reconsideration of the releases 
of iodine and cesium given in the WASH-1400 study makes it likely 
that these release fractions are greatly overestimated. 
After the Three Mile Island accident it was noted that the re-
lease of iodine to the atmosphere was 105 to 106 times less 
than the release of noble gases, although the inventories of iod-
ine and noble gases were of the same order of magnitude. 
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Three of the scientists involved in the several analyses nade by 
the technical staff of the Kemeny Commission believe that the 
very small escape of iodine to the environment can be explained 
in the following manner. Iodine diffused out of the fuel rods 
through the failed cladding and vaporized. The escaping iodine, 
if not already in the iodide form, then encountered a chemically-
reducing environment which converted it to iodide. The iodide 
went into solution when it contacted water; it persists in sol-
ution as non-volatile iodide as long as oxidizing conditions do 
not prevail. 
Calculations made at several laboratories indicate that Csl is 
the stable form of iodine in LWR fuel. Further, cesium is always 
present in great (about tenfold) excess over iodine. So the iod-
ine is released predominantly as Csl rather than as molecular I2-
Furthermore, if water is accessible, iodide will dissolve in the 
water so that its concentration in the gas phase will be much 
smaller than its concentration in the water. 
This explanation could account for the much smaller escape of 
iodine that was observed at TM1 compared to the amount predicted 
to escape. 
In marked contrast to the THI accident, a large fraction of the 
iodine escaped to the environment during the Windscale accident 
(1975) which occurred in the absence of water. 
The release of iodine may therefore be lower than previously es-
timated, possibly by orders of magnitude. Taking this factor into 
account, doses with reduced iodine releases are calculated in 
Chapter 8. Nonetheless it must be stressed that these are con-
sidered assumptions, and that accident sequences must be re-ex-
amined in detail before a general acceptance of reduced iodine 
releases can be expected. 
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5. EXPOSURE PATHWAYS AND DOSIMETRIC MODELS 
5.1. Exposure pathways 
The radioactive material contained in a nuclear power plant may 
expose the surrounding population to radiation via several path-
ways. These are shown in Pig. 5.1 and can be divided into three 
groups: 
1. Air pathways: gaseous effluents 
2. Water pathways: liquid effluents 
3. Direct radiation pathways, i.e. external radiation 
from the plant or from transport of radioactive materials 
to and from the plant. 
The total radiation dose to a person from a given release of 
radioactive material is calculated as the sum of doses from all 
exposure pathways in question. 
In a reactor accident air pathways are the only ones of import-
ance as in this case the radioactive material is released either 
directly from the reactor building or from the stack. There are 
five possible air pathways: 
a) External exposure from the radioactive cloud as it passes 
overhead. 
b) Internal exposure from activity inhaled during passage of 
the cloud. 
c) External exposure from activity deposited on the ground 
during passage of the cloud. 
d) Internal exposure from consumption of foodstuffs contaminated 
by activity deposited from the cloud. 
e) Internal exposure from the inhalation of resuspended ac-
tivity. 
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LIQUID 
EFFLUENTS 
Pig« 5.1. Exposure pathways to man. 
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Doses from the ingestion of contaminated foodstuffs are not con-
sidered as these can be avoided by restricting food production 
in the affected area. 
Even in the absence of such restrictions, the dose would be small 
compared with that from pathways a), b) and c) (UNSCBAR 1977). 
The importance of doses from inhalation of resuspended activity 
relates primarily to the restriction on land usage that say be 
required following a reactor accident. 
This pathway is disregarded for two reasons. Firstly, if the 
doses from inhalation of resuspended activity are sufficiently 
large, countermeasures such as clean-up or evacuation could be 
implemented. Secondly, the magnitude of doses via this pathway, 
even in the absence of countermeasures, is at most only of the 
same order as that from the inhalation of activity during passage 
of the cloud. Por a further discussion of this problem, see USNRC 
(WASH-1400), 1975, and Kelly et al., 1977. 
Thus only doses from pathways a) to c) are considered in this 
study of hypothetical reactor accidents. The dosimetric models 
for pathways a) to c) are described in 5.3. 
5.2. Quantities and units 
The amount of radioactive material and the dose from exposure to 
radiation are the most important quantities when considering the 
consequences of releases of radioactive material. 
The amount of radioactive material is measured by the number of 
nuclear transformations in a quantity of the material per unit 
of time. This number denotes the activity of the material, 
SI units are used throughout this report. The special unit of 
activity in the SI system is the Becquerel, Bq, and this is 
equal to one transformation per second. 
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Two quantities are important for doses: absorbed enerqy dose in 
gray (Gy), and biological effective dose in gray multiplied by 
the relative biological effectiveness (RBE) of the radiation con-
sidered. The latter quantity was introduced so that doses with 
differing biological effectiveness can be added. Such differences 
may result from type of radiation« dose rate, or dose magnitude. 
The relative biological effectiveness is discussed in NCRP report 
H-4, 1967, ICRO report 25, 1976, by Smith et al. 1976, and by 
Page et al.r 1977. The SI unit for biological effective dose is 
the Sievert (Sv). The relations between the SI units and the old 
units for amounts of radioactive material and dose are as given 
below: 
SI unit Old unit 
1 Bq (Becquerel) 2.7 * 10-11 Curie 
1 Gy (Gray) 100 rad 
1 Sv (Sievert) 100 rem 
Absorbed dose is used where only one type of radiation contrib-
utes to the dose. Doses to specific organs are evaluated as ab-
sorbed dose in Grays. Whole-body doses are evaluated as biologi-
cal effective doses in Sievert. It should be noted that the 
doses considered here only result from 8/Y-radiation that has a 
RBE of 1, i.e. one Sv is approximately equal to one Gy. 
5.3. Dosimetric models 
5.3.1. Dispei/sion model 
5.3.1.1. General description. In a continuous release of ma-
terial from a source (e.g., a chimney stack) to the atmosphere, 
the material will be carried with the win J and spread like a 
smoke plume. The transport and mixing of the material will be 
determined by the state of the atmosphere along the direction 
of diffusion, by the topography of the area, and by the proper-
ties of the materials released. The most important atmospheric 
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parameters are wind direction, wind speed and the vertical 
temperature gradient because these determine the transport 
direction, the dilution at the moment of release, and the 
turbulent mixing. 
The so-called Gaussian dispersion model (Fig. S.2) is used in 
this study. A discussion of this model from a meteorological 
point of view is given in Chapter 3. A detailed description of 
the dose consequence model, PLUCON 2, which is based on the 
Gaussian dispersion model and is used in this study, is given in 
Thykier-Nielsen, 1980. Only a genera.1 outline of the model is 
given here. 
Fig. 5.2. The plume from a chimney stack described 
by the Gaussian diffusion model. The stack height 
is h and the effective dispersion height is H. 
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The aodel has been verified out to distances of 20 - 30 km where 
it is able to predict doses and concentrations within a factor 
of 2 - 3. Concentrations and doses are normally overestimated 
at larger distances. Overestimation increases with distance and 
can be up to a factor of 10 at 50 km. Therefore only doses out 
to a distance of 30 km from Carnsore Point were calculated in 
this study. 
According to the Gaussian dispersion model, the material is as-
sumed to have a normal (Gaussian) distribution in the plane per-
pendicular to the wind direction. If it is further assumed that 
the surface of the earth is totally reflecting, then the disper-
sion formula in a rectangular coordinate system with the origin 
at the source point (point of release) and the x-axis in the 
wind direction will be: 
X(x,y,z,s,u) - Q(x,t) * Sg(x,y,z,s,u) (1) 
as 
1 y2 
Sg(x,y,z,s,u) « • x exp(- -) 
2 * u oy(x,s) oz(XrS) F 2 0 y ( X ; S ) 2 ' 
r z
2
 (z + 2 H(x))2 
[exp( -) + exp( — ) ] 
2 c.(xrsr 2 o-(x,sr 
(2) 
where 
X(x,y,z,s,u) = concentration (Bq/m^) at a point with the co-
ordinates (x,y,z) 
Sg(x,y,z,s,U s relative concentration (s/m^) 
(x,y,z) = coordinates of the detector point (m) 
s • category of atmosphetic stability 
u • wind speed (m/s) 
Cy(x,s) * horizontal dispersion parameter (m) 
oz(x,s) * vertical dispersion parameter (m) 
Q(x,t) * apparent source strength (Bq/s) at the time t 
H(x) * effective dispersion height (m) 
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Formula (2) is modified in cases where a mixing layer markedly 
affects dispersion. The existence of such a mixing layer implies 
that the vertical material distribution changes from a Gaussian 
to a homogeneous distribution with increasing distance from the 
source point. 
However, in the present study, which only considers doses cut to 
a distance of 30 km, the existence of a mixing layer is of little 
importance. This is because the height of the mixing layers in 
the atmospheric stability categories considered here is such that 
significant effects of the layer are seen only at distances larger 
than 30 km. 
A constant wind direction is assumed in the model in the present 
study. The possibility of a meandering effect in case of longer-
term releases (e.g. PWR 4,5,6 and BWR 2,3 and 5) is not taken 
into account. Meandering gives rise to an unknown broadening of 
the plume and consequently a lower level of concentration. In 
such cases the calculated individual doses would be lower than 
estimated. 
5.3.1.2. Plume height. Formula (2) in Fig. 5.2 ruggests that the 
plume might rise above the point from where it is released. The 
plume height (H(x) in formula (2)) is determined by the heat 
contained in the activity release and the speed with which the 
thermal energy is released, together with the temperature gra-
dient in the lowest layer of the atmosphere. 
Plume height is calculated according to a procedure given by 
Briggs (Thykier-Nielsen 1980). 
Figure 5.3 shows the height of the plume above ground in the 
meteorological situations used for the calculations. It should 
be noted that the plume rise calculated in this study is con-
servative, i.e. too small compared with the results of recent 
studies (Briggs, 1969, and Kaiser, 1980). 
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Pasquill 
stability 
Stability 
parameter 
s 
Wind speec 
[m/s] 
Release 
PWR 1 A 
P = 5.9 
h = 25 
PWR 1 B 
P = 152 
h = 25 
PWR 2 
P = 50 
h = 0 
PWR 3 
P = 1.8 
h = 0 
PWR 4 
p
 = 0.3 
,h = 0 
PWR 5 
P = 0.1 
h = 0 
PWR 6 
P = 0 
h = 0 
BWR 1 
P = 38 
h = 25 
BWR 2 
P » 8.8 
h = 0 
BWR 3 
P = 5.9 
h = 25 
A 
-
6 
75 
378 
181 
25 
8.4 
4.4 
0 
179 
64 
75 
B 
-
6 
' 75 
378 
181 
25 
8.4 
4.4 
0 
179 
64 
75 
C 
-
6 
75 
378 
181 
25 
8.4 
4.4 
0 
179 
64 
75 
D 
-
6 
75 
378 
181 
25 
8.4 
4.4 
0 
179 
64 
75 
1 
8 
<S3 
290 
136 
18 
6.3 
3.3 
0 
140 
47 
63 
10 
55 
237 
109 
15 
5.1 
2.6 
0 
117 
38 
55 
12 
50 
202 
91 
12 
4.2 
2.2 
0 
102 
32 
50 
E 
4.97« 10~4 
1 
162 
429 
279 
92 
51 
35 
0 
279 
156 
162 
2 
133 
345 
221 
73 
50 
28 
0 
227 
124 
133 
5 
105 
261 
163 
54 
30 
21 
0 
174 
91 
105 
F 
1.24* 10"3 
1 
126 
323 
205 
68 
37 
26 
0 
212 
115 
126 
2 
105 
261 
163. 
54 
30 
21 
0 
174 
91 
105 
5 
84 
199 
120 
40 
22 
15 
0 
135 
67 
84 
Fig. 5.3. Final effective dispersion height, H(m), as a function 
of stability class, wind speed and release category (P = thermal 
effect (MW), h = release height (m)). 
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The stability parameter, s, used in the calculation of the ef-
fective dispersion height is given by 
q 38 
s « - — (S-2) 
T 3z 
where 3 6/3z is the potential temperature gradient for the atmos-
phere, g is the acceleration due to gravity, and T(°K) is the 
temperature of the atmosphere (Briggs, 19'<», and Thykier-Nielsen, 
1980). 
Note that the plume rise is not assumed to change with stability 
category when the atmosphere is unstable, i.e., the final plume 
height is the same for Pasquill categories A, B, C and E, all 
other parameters being equal. 
5.3.1.3. Deposition. Some of the material in the plume may be de-
posited on the ground during transport in the wind direction. The 
deposition mechanisms are quite complicated but in principle a 
distinction may be made between dry and *et deposition. 
Dry deposition is a result of several physical mechanisms in dif-
fusion, sedimentation by gravity, etc. Here the socalled source 
depletion model is used to calculate the amount of material de-
posited on the ground (Slade, 1908). This model, which is that 
most commonly used, assumes that material is removed from the 
entire plume. Losses owing to dry deposition are instantaneously 
mixed throughout the entire vertical extent of the plume. 
The flux of material to the 'round is assumed to be proportional 
to the ground level air concentration where the constant of pro-
portionality is the deposition velocity, v0. 
Vg depends largely on wind speed and turbulence intensity, but 
the physical, chemical, photochemical and biochemical processes 
taki ig place at the surface during material deposition are also 
very important. Typically values lie in the range 10~4 m/s to 
10-2 m/s. 
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If there is precipitation over the area where the material in 
question is dispersed, then wet deposition (below cloud scaveng-
ing) is added to the dry deposition. Precipitation will "wash 
out" a fraction of the material in the plume. The rate at which 
wash-out takes place is characterized by a wash-out coefficient 
lq, which is defined as the relative change in amount of activity 
in the plume per time unit. lg depends mainly on precipitation 
intensity, particle diameter, and solubility of the material cor.-
"7 — 1 
cerned. Typically values of 1_ lie in the range 10 s to 
10"4 s-1. 
Wher there is precipitation, and consequently wet deposition, 
there will always simultaneously be dry deposition. However, when 
considering radioactive materials released in a reactor accident, 
wash-out will always be the dominating mechanism. 
5.3.2. Inhalation doses 
During the passage of the plume, a person standing on the ground 
will inhale an amount of radioactive material proportional to the 
passage time and the concentration at the location in question. 
The inhaled activity will enter the respiratory tract and the 
lungs. Depending on physical size and chemical form, part of the 
activity is subsequently translocated to other organs of the 
body. Some of the activity then decays to stable isotopes, while 
some is excreted biologically. The dose from inhaled activity is 
thus absorbed over a period of time that varies from a few weeks 
to several years depending on the isotope in question. The total 
inhalation dose integrated over a given period of time after in-
halation of the activity, is calculated as the sum of the amount 
of the individual isotopes inhaled, multiplied by a dose-conver-
sion factor. 
The dose-conversion factor for a given isotope, which is equal to 
the dose per intake unit (in, e.g., Bq) integrated over a given 
period of time after intake, involves a very complicated calcu-
lation. It includes physical and chemical data for the isotope 
in question and data for physiological functions of the body. 
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Dose-conversion factors are taken from authoritative sources 
(USNCR, 1975, and ICRP, 1979). The sources of data for dose-
conversion factors for different organs are given below. 
Bone marrow: USNRC (HASH-1400) 
Lung: USNRC (WASH-1400) 
Gastro-intestinal 
tract: USNRC (WASH-1400) 
Thyroid: USNRC (WASH-1400 and 
NURBG CR-150/ORNL TM-190) 
Whole body: ICRP pub. 30 
Inhalation doses are reduced by the filtration effect of build-
ings. Here a reduction factor of 0.2 is used for filtration. This 
is derived from recent Danish investigations (Gjørup and Roed, 
1980). 
A discussion cf the significance and consequences of doses to 
different organs is given in Section 5.3.5. 
5.3.3. External dose from the cloud 
Isotopes decay in association with the emission of radiation in 
the form of Y-photons and 0-particles. However, owing to the 
slight ability of B-radiation to penetrate material and the low 
radiosensitivity of the skin - the tissue most exposed to this 
radiation - B-doses are of little significance compared to 
Y-doses. Attention is therefore focussed on doses from Y-radi-
ation. 
The external Y-dose from the cloud is calculated by assuming the 
cloud to be composed of an infinite number of point sources and 
deriving the total dose by integration. Attenuation and multiple 
scattering of the Y-rays in air are included in the calculation 
of the dose from each point source. The Y-dose in air is equal to 
the Y-flux density multiplied by the mass absorption coefficient 
for each of eight Y-energy groups. To obtain the dose in tissue, 
the dose in air should be multiplied by a correction factor equal 
to the ratio between the electron density in the tissue and that 
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in dir and a further correction factor for the internal body or-
gans. Such correction factors are not applied in this study. The 
external Y-doses given here are doses in air, and thus somewhat 
larger than the real doses to the body organs. 
The correction factors which are equal to the ratio between ab-
sorbed dose in the organ considered and the exposure in air de-
pend on photon energy. According to O'Brien and Sanna (1976), 
typical values are 0.52 for bone marrow, 0.8 for skin and 0.56 
as an average for the whole body. The external doses from the 
cloud calculated in this study should thus be reduced by 20% to 
40% to obtain the absorbed doses in the organs considered. 
In contrast to the exposure from inhaled activity, the external 
exposure from the cloud ceases when the plume has passed by. 
Inside buildings, the external gamma dose from the plume would 
be considerably reduced because of the shielding effect of struc-
tures. In this report it is assumed that people remain inside 
brick buildings during the entire passage of the plume. A shield-
ing factor of 0.6 is therefore applied. This factor is given in 
WASH-1400 as representative of single-family houses and multi-
storey buildings of brick (USNRC, 1975). The shielding effect of 
Irish houses has not been investigated, but it is presumed to be 
about the same as that of American brick houses. 
5.3.4. External dose from deposited activity 
As described in Section 5.3.1.3, some of the contents of the 
plume will be removed during its travel downwind by dry depo-
sition and, if there is precipitation, by wet deposition. The ma-
terial is deposited on the ground where its radioactivity is 
gradually reduced by decay to stable isotopes and by other mech-
anisms, e.g., weathering and run-off. Run-off is of little signi-
ficance outside built-up areas and is thus ignored in this study. 
Weathering is the term used to describe the mechanism whereby ac-
tivity gradually sinks into the soil. In the present study weath-
ering is accounted for by use of a formula given by Gale (USNRC, 
1975, and Thykier-Nielsen, 1980), according to which the amount 
of activity is reduced by a factor of 0.5 within 1.5 years. 
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The external Y-dose fro« deposited activity is calculated using 
the same principles as for the external dose from the plume; the 
ground is divided into a number of point sources and their dose 
contributions integrated. The dose in air is conventionally cal-
culated at a point 1 ra above the ground (see Thykier-Nielsen, 
1980, for further details). Correction factors for tissue and 
internal organs are not used, see Section 5.3.3. 
ø-doses are disregarded for the reasons mentioned in Section 
5.3.3. 
The external gamma dose from the ground described above is cal-
culated assuming that the ground is an infinite smooth surface. 
To account for the shielding effect of the roughness of the 
ground, a correction factor of 0.7 is applied to the dose cal-
culated. 
In this study it is assumed that people would remain inside brick 
houses for the first eight hours after warning time. The external 
Y-dose from the ground is therefore reduced by a shielding factor 
of 0.2 (USNRC WASH-1400, 1975). The total reduction factor for 
the external Y-dose from the ground is thus 0.7 x 0.2 - 0.14. It 
should be noted that structures provide more effective shielding 
from radiation from the ground than from that from the plume. 
The external gamma radiation from the ground continues for an 
extended period after the plume has passed. 
5.3.5. Doses to specific organs 
The doses to specific organs are calculated as the sum of the 
three dose components described in the preceding sections. 
Inhalation dose 
External gamma dose from the cloud 
External gamma dose from deposited activity 
The relative importance of the three dose components, the time 
variation of doses, and the important nuclide categories vary 
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with atmospheric conditions, with distance downwind from the 
release point, and with organ. The more important features of 
the dose in each organ considered are discussed in turn. 
Bone marrow 
Large radiation doses damage the bone marrow and other blood-
forming organs and thereby impare the ability to produce new 
blood cells. It is generally believed (USMRC WASH-1400, 1975) 
that damage to bone marrow is the most important contributor to 
early death from large doses to the whole body. This implies that 
radiation damage to the lungs or to the gastro-intestinal tract 
is unlikely to be lethal unless accompanied by bone-marrow dam-
age. Therefore the acute bone-marrow dose is calculated as the 
sum of the external gamma dose from the passage of the plume, 
plus the external gamma dose from the activity on the ground in-
tegrated over 8 hours, plus the internal Jose received during the 
first 30 days after inhalation of activity from the cloud. The 
main part of the dose to the bone marrow is received within 30 
days. 
Lungs 
For the accidental releases considered, the probability of death 
from a lung dose will always be substantially lower than that 
from the associated bone-marrow dose. The actinides (which are 
incorporated into the lymph nodes), the lanthanum group, and to a 
lesser extent the ruthenium group, are the major contributors to 
the dose to the lungs. 50% to 80% of the inhalation dose will be 
absorbed within a year. 
The dose to the lungs is therefore calculated as the sum of the 
external gamma dose from the passage of the cloud, plus the ex-
ternal gamma dose from deposited activity integrated over 8 
hours, plus the internal dose from inhalation integrated over 
1 year. 
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As the risk of acute injury depends on the rate at which the lung 
dose is accumulated, this method of calculation gives a conserva-
tive result. 
Gastro-intestinal tract 
Fatalities resulting from local irradiation of the gastro-intest-
inal tract would be caused by destruction of the intestinal cell 
population leading to denudation of the gut lining, manifesta-
tions such as diarrhoea and haemorrhage, and finally death. 
The contents of the GI-tract are normally replaced relatively 
rapidly, and the inhalation dose in this area will largely be ab-
sorbed within a week. The more important nuclides contributing 
to the internal dose are the lanthanum group, the actinides and 
the ruthenium group. 
The dose is calculated as the sum of the external gamma dose from 
passage of the cloud, plus the external gamma dose from activity 
deposited on the ground integrated over 8 hours, plus the in-
ternal dose received within 7 days. 
Thyroid 
Very large doses of 131j to the thyroid would cause an acceler-
ated release of thyroid hormone. In extreme cases severe thyro-
toxicosis might develop, leading to heart failure and death. The 
long-term consequences of large doses to the thyroid may be 
hyperthyroidism or cancer. 131I contributes about two-thirds of 
the dose to the thyroid. As 131I has a half-life of 8 days, and 
the other radioactive isotopes of iodine under consideration, 
have a half-life of less than one day, the largest part of the 
inhaled dose will be absorbed after roughly one month. 
The dose is calculated as the sum of the external gamma dose from 
passage of the cloud, plus the external gamma dose from deposited 
activity integrated over 8 hours, plus the internal dose from in-
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haled activity integrated over 30 days. The internal dose is the 
dominant dose component. 
The inhalation dose is calculated for adults; the dose for child-
ren, depending on age, may be up to three times greater. 
Whole body 
In order to assess the possible long-term consequences of ir-
radiation of the whole body a calculation was made of the 50-year 
committed dose equivalent resulting from intake (inhalation) of 
activity. The 50-year committed dose equivalent is defined as 
H50B = l WT H50T 
T 
where 
H50B - 50-year committed whole-body dose equivalent 
H50T - 50-year committed dose equivalent for target tissue 
(organ) T. 
WT« » Weighting factor for target organ T. 
The summation is performed over all organs appearing in Fig. 
5.4. 
Data for H50B, H50T and w<r were taken from ICRP Publication 30, 
1979. The weighting factors are given in Fig. 5.4. 
The total 50-year committed whole-body dose is calculated as the 
sum of the external gamma dose from the cloud, plus the external 
gamma dose from deposited activity integrated over 8 hours, plus 
the 50-year committed whole-body dose equivalent from inhalation 
of activity during passage of the cloud. 
This 50-year committed whole body dose is then used in assessing 
the possible stochastic effects (late effects) of the hypotheti-
cal releases. 
Tissue 
(organ) 
Gonads 
Breast 
Red marrow 
Lungs 
Thyroid 
Bone (endosteum) 
Remainder 
(each of 5 organs) 
Weighting 
factor (Wip) 
0.25 
0.15 
0.12 
0.12 
0.03 
0.03 
0.06 
Fig. 5.4. Weighting factors for different organs 
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6. DOSES PROM DESIGN-BASIS ACCIDENTS 
6.1. Introduction 
The doses from and consequences of the two design-basis acci-
dents, PWR 9 and BWR 5, are discussed in this chapter. The pro-
babilities, release heights, rates of energy release, and ef-
fective dispersion heights are shown in Pig. 6.1. Detailed com-
ments on the releases, their magnitudes and their probabilities 
are qiven in Chapter 4. 
The PWR 9 release occurs without warning time over a period of 
half an hour as a cold ground release consisting of essentially 
noble gases with little iodine and Cs-Rb (see Fig. 4.1). Shut-
down takes place half an hour before the release commences. 
In the BWR 5 release, a period of 3.5 hours is assumed to elapse 
before the beginning of the five-hour release period, again with-
out warning time. Like the PWR 9 case, the release is dominated 
by noble gases (see Fig. 4.1). The release is assumed to take 
place through a 150 m stack without sensible heat. 
The essential environment-related factors affecting the conse-
quences are atmospheric conditions and the time the plume takes 
to pass the area of interest. Considering from the release cate-
gories described in Chapter 7, it was decided to combine the two 
design-basis accident releases - each with a rather low prob-
ability of occurrence - with the most probable atmospheric situa-
tion found for Carnsore Point. This situation is defined in 
Chapter 3.4 and is described by the following parameters: 
Pasquill stability category D, 
Wind speed u • 6 m/s (21.6 km/h) 
Dry deposition velocity vQ • 1Q~* m/s 
Wet deposition velocity 1a * 0 s"8 (no rain) 
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Using the PLUCON 2 model calculations were made of bone-marrow 
doses to individuals as a function of downwind distance from the 
release point as well as doses to specific organs. A detailed 
description is given for each release category. 
Release 
category 
PWR 9 
BWR 5 
Probability 
per. reactor 
year 
4E-4* 
1E-4 
Release 
height 
h[mj 
0 
150 
Rate of 
energy 
release 
[MW] 
n.a.** 
n.a. 
Effective 
dispersion 
height 
0 
150 
* 4E-4 understood as 4 in 10 000 per reactor year. 
** n.a. = not applicable. 
Fig. 6.1. Probabilities of occurrence per reactor 
year, release heights, h, speeds of sensible energy 
release from the containment and effective dispersion 
heights, Hr for the two design-basis accidents 
PWR 9 and BWR 5. 
Collective doses to the bone marrow and the whole body were 
further calculated for the two release categories. For the BWR 5 
release a correction for long-term release, in relation to a 30-
minute release, was taken into account in the model by correction 
of the dispersion parameters. Moreover, the model assumes a con-
stant wind direction a d hence no meandering effects are taken 
into account. Meandering gives rise to an unknown broadening of 
the plume and consequently a lower concentration level. In this 
case the calculated individual doses would be lower than esti-
mated here. 
The other important parameters applied in the calculations (de-
scribed in detail in Chapter 5) are 
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Respiration rate: 3.5 * 10~* »3/s (adults in working hours) 
Reduction factor for those inside buildings, inhalation: 0.2 
Reduction factor for those inside buildings, gamma plume: 0.6 
Reduction factor for roughness of the ground and those inside 
buildings, gamma deposition: 0.14 
People in the area remain indoors in brick houses for the first 
eight hours the after start of warning time. 
6.2. Doses to individuals 
6.2.1. Bone-marrow doses 
For both release categories doses to the bone-marrow are calcu-
lated (see Section 5.3.5) in the plume centre-line for distances 
downwind from 0.5 to 30 km from the release point. The three dose 
components: inhalation dose, external gamma dose from the plume 
and external gamma dose from deposited radioactivity (in the fol-
lowing called inhalation, gamma plume and gamma deposition) as 
well as their sums are calculated. The plume centre-line doses 
represent the highest doses at a given distance in a given re-
lease situation. In order to compare the bone-marrow doses from 
the two different releases, the sum curves are shown on the same 
diagram in Fig. 6.2. 
It is essential to note two factors: for the first, the amount 
of noble gases released in the BWR 5 case is more than two orders 
of magnitude greater than in the PWR release. Secondly, there is 
the difference in release height and hence in plume height (the 
sensible heat release is negligible in both cases). The PWR re-
lease is a cold ground level release with the high concentration 
plume centre-line falling together with the line of interest for 
dose calculation, 1 m above ground level. The high concentration 
gives its full contribution to all three dose components: gamma 
plume, inhalation and gamma deposition from the beginning of the 
area of interest, i.e. 500 m from the release point. In the BWR 
5 case, however, the pencillike plume positioned at a height of 
150 :n acts like a line source. It emits long-range penetrating 
radiation, some of which gives rise to the gamma-plume dose at 
ground level. 
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Bon« m o r r o w d o s e s C30 d ) 
S l o b i I i t v O 
Uirtd cp**d 6 m/s 
v 9 . l t - 2 m/s 
19: e 
Exposur« I im* 
6 hours 
Sum of dos«* 
PUR 9 H = 0 m 
BUR 5 H • lSe m 
a.S 1 S ! • 3« 
Dl s tone« Cko] 
Fig. 6.2. Centre-line bone-marrow doses (integrated 
over 30 days) as a function of downwind distance in 
a PWR 9 release and a BWR 5 release. 
The maximum dose is found along the projection of the plume 
centre-line with the highest value closest to the source at a 
distance of 500 m. As distance increases, the plume is increasing-
ly dispersed, which means that the concentration of radioactive 
material decreases concurrently. This gives rise to a far more 
significant fall in the levels of the dose components in the case 
of the PWR 9 ground level release than in the 150 m plume in the 
BWR 5 release which - seen from the ground level centre-line -
can still emit radiation from most of its length. 
IC-J 7 
te-« 
!E-S 
> 
in 
a 
o 
O 
It-« 
IE-7 
I 
-
\ 
\ "" 
" 
1 
M
il
l 
-
J 
1 • l i 1 
- ^ _ 
i l i l I l i 
^ U R 5 
sPWR 9 
\ 
- 98 -
Hence the small difference in doses at 500 • between the two re-
leases (as seen in Fig. 6.2), in spite of the much greater BWR 5 
release, can be ascribed to two circumstances: 1) The ground 
level release in the PMR 9 release gives rise to almost equal 
doses from all three components, while the only component con-
tributing to the BWR 5 release, the gamma plume, is significant-
ly attenuated by the distance of 150 m or more. 2) The atmos-
pheric mass between the source of radiation and the reception 
point for doses in the BWR 5 case. At 30 km distance, the dif-
ference in doses between the two releases increases to about a 
factor of 20. 
6.2.1.1. Release category PMR 9. Figure 6.3 shows the contribu-
tion to the bone-marrow dose from the three components: inhala-
tion, gamma plume and gamma deposition. In the ground level 
plume, inhalation doses can be delivered immediately oiid deposi-
tion can accumulate. The three components are of almost equal 
importance close to the release point, though the gamma plume 
contributes most and this becomes rather more dominant with in-
creasing distance. At 30 km, the contribution of the gamma plume 
is approx. a factor 10 greater than that of the other two com-
ponents. 
The resulting sum of doses must be considered low, between 1B-5 
and 2E-5 Sv (1-2 mrem), after 8 hours at 500 m distance, falling 
moro than two decades at 30 kn, to 5B-8 Sv, a non-detectable 
level. The doses shown are centre-line individual doses that 
fall drastically with increasing crosswind distance. Finally it 
should be borne in mind that the model gives an overestimation 
of doses at greater distances. 
No short-term health consequences can be expected as a result of 
the calculated individual dose levels. 
6.2.1.2. Release category BWR 5. Figure 6.4 shows the total bone 
marrow dose and its components in the case of a BWR 5 release. 
In the case of a 150 m high pencil-like plume, by far the most 
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6.3. Centre-line doses to the bone marrow (30 d) 
as a function of distance in the PWR 9 design-basis 
accident release category. Release height s 0 m. 
dominant component is the gamma plume. The very small release 
fraction of aerosol activity reaches ground level between one 
and two km downwind. 
The contribution from aerosols to the bone-marrow dose rises 
slowly over some km to reach a maximum at 5-10 km downwind. The 
levels are insignificant - 2-3 decades below that of the gamma 
plume component. The resulting dose levels after 8 hours of 
- 2E-5 Sv (2 mrem) at 0.5 km, falling to 1E-6Sv (0.1 mrem) at 
30 km, must be considered very low. 
As in the case of the PWR 9, no short-term health consequences 
can be expected from the calculated dose levels for a BWR 5 re-
lease. 
- 100 -
6.2.2. Doses to specific organs 
The impact of doses on specific organs, including doses to the 
whole body, their relative importance and the method of dose 
calculation, is described in detail in Section 5.3.5. 
BWR5, Bone marrow dose C30 d!> . 
S l a b I i l t y D, 
wlndspssd 6 m/s 
v 8 •  1E-2 m / * 
l a : 0 
Exposure tlm« 
8 hour«. 
Curves 
A: I n h o l o l l o n 
B: Gamma p I u m 
C•• Gamma dsp . 
D: Sum, A+B+C 
"" " e.S I S IB 38 
DI stone« Ck«] 
Fig. 6.4. Centre-line doses to the bone marrow (30 d) 
as a function of distance in the BWR 5 design-basis 
accident release category. Release height = 150 m. 
Individual doses to the following specific organs were calcu-
lated: 
A: Whole body (integrated over 50 years) 
B: Bone marrow (integrated over 30 days) 
C: Lungs (integrated over 1 year) 
D: Gastro-intestinal tract (integrated over 7 days) 
E: Thyroid (integrated over 30 days) 
ie.-» r 
1E-5 
IE-« r 
> 
(0 
t 
0 
a IE-7 
tE-8 r 
ir_a 
• • 
" 
-
-
-
-
» 
» 
-
-
** 
— 
" 
-
-
• 
• 
• 
-
1 1 1 1 / /_! 1 1 
- ^ 0 
B * ^ 
C 
A"^ "*" 
i i _i_i 
>^~ ^*v \ 
^ 
1 i 
- 101 -
The five specific organ doses obtained in the plume centre-line 
in the two release categories PWR 9 and BWR 5 are shown in Pigs. 
6.5 and 6.6. The centre-line individual doses are to be con-
sidered the maximum doses for a given distance. 
The curves marked F, which show the bone-marrow doses, including 
external radiation, are the same as the sum-curves -.arked D in 
the corresponding Pigs. 6.3 and 6.4. Por the bone-marrow doses 
and whole-body doses, the Gray unit is equal to the Sievert. 
It must be emphasized, that the organ doses shown in Pigs. 6.5 
and 6.6 (incl. the whole-body doses) are calculated without the 
external radiation component, except the curves marked P wnich 
are the bone-marrow doses including external radiation (the 
values in curve B plus external radiation). 
In the PWR 9 release, the total gastro-intestinal tract dose will 
be very close to the calculated total bone-marrow dose, curve F. 
The total thyroid dose will increase by a little more than 10% 
compared with curve E. The total whole-body dose and the total 
lung dose will be about double the level of the F-curve; this is 
calculated by adding curves A and C, respectively, to curve P, 
which is almost similar to the external dose. 
The reason for the high thyroid dose compared to the other orqans 
is the relatively high radiosensitivity of the thyroid combined 
with the relatively high proportion of iodine in the release. 
In the BWR 5 release, all the organ doses includina external ra-
diation will be equal to the F curve because the external radi-
ation is more than two decades greater than the inhalation and 
deposition components. 
No consequences can be expected to any organs from the calculated 
organ doses in either release category. 
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PWR 9 - Organ doses 
ie-2 
IE-3 
IE-4 
ic-s e 
IE-0 
IE-7 
: 
1—
1/1
 
M
il
l 
in
 i
 i
 i
 
i
 
t/
 
If 
i
 
/ 
1—
1 
1 
1 
1 
1 I
t, 
\ E 
\x i i rv 
. 
»S I 5 I« 
Di stone* Cka>3 
Stabi I ity D 
U i nd *p**d 6 •»/« 
v8: 1E-2 m/s 
i9: e 
Exposur* l i i 
8 hour* 
Who I« body CSØ y) 
Boo* marrow C38 d) 
Lung« CI y) 
GI tract C7 d) 
Thyrold C38 d> 
Bon* marrow C38 d) 
incI.*xt*rnaI rad. 
Fig. 6.5. Specific plume centre-line organ doses as 
a function of downwind distance for the design-basis 
accident release PWR 9. 
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Pig. 6.6. Specific plume centre-line organ doses as 
a function of downwind distance for the design-basis 
accident release BffR 5. 
6.3. Collective doses 
Collective doses, being the sum of doses to the individuals in a 
given group, are calculated in manSievert. Chapter 2 describes 
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the distribution of the resident population around Carnsore Point 
in detail in a polar coordinate system with centre in the site 
and with an angle of 22.5°, givinq a total of 16 sectors. 
In the PLUCON 2 program the population doses are calculated for 
each sector segment in the following way. The population in a 
segment is considered uniformly distributed over the segment. 
Then the product of the individual dose at any point and the po-
pulation figure at this point are calculated. Finally the prod-
ucts are summated over the segment. As mentioned in section 
5.3.1.1, only the population out to a distance of 30 km is con-
sidered. 
For each of the two release categories collective dose calcu-
lations are made for the six 22.5° sectors (see Chapter 2) cover-
ing more than three inhabitants within 30 km. Among these six 
sectors the highest population distribution is found in the sec-
tor that includes the county town of Wexford and whose centre-line 
points in the 337.5° direction (see Section 2.2). 
6.3.1. Collective doses in the PWR 9 release category 
The whole-body doses and bone-marrow doses for the six release 
directions chosen are shown in Fig. 6.7. The total collective 
doses are accumulated out to a distance of 30 km from the re-
lease point. The figure also shows the number of persons re-
ceiving individual doses greater than E-6 Sv and their corre-
sponding collective doses. 
?urtherr taking the 337.5° release direction towards Wexford as 
an example, calculations show that the essential part of the col-
lective dose is delivered within this 22.5° sector. Of the total 
collective bone-marrow dose of 1.5 E-3 manSv, the contribution 
from neighbour sectors is negligible: 
PWR-9 
release 
Release 
direction 
22.50 
270© 
292.5© 
315© 
337.5© 
360© 
Whole-body doses 
Total dose 
manSv 
1.1E-4 
1.1E-4 
4.0E-4 
3.9E-4 
2.3E-3 
4.8E-4 
Exposure above E-6 Sv 
persons manSv 
26 
0.2 
18 
15 
88 
88 
7.1E-5 
1.8E-7 
6.6E-5 
6.8E-5 
1.9E-4 
2.1E-4 
Bone-marrow doses 
Total dose 
manSv 
7.1E-5 
7.7E-5 
2.6E-4 
2.5E-4 
1.5E-3 
3.1E-4 
Exposure above E-6 Sv 
persons manSv 
19 
0 
11 
8 
21 
47 
3.6E-5 
0 
3.0E-5 
3.1E-5 
5.4E-5 
8.7E-5 
Fig. 6.7. Whole-body and bone-marrow doses in a PWR 9 accident release as-
sumed to take place along the centre-lines of each of the six 22.5© sectors. 
The total accumulated collective doses, the number of persons exposed to an 
individual dose of more than E-6 Sv and their corresponding collective doses 
are shown for the two dose categories. The atmospheric situation is assume«? 
to be: Stability category D, u » 6 m/s, vg » 1E-2 m/s and lg • 0. 
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Sector 
Dose 
manSv 
% 
292.50 
1.5E-8 
3150 
1.1E-6 
~ 0.1 
337.50 
1.5E-3 
~ 99.8 
360° 
1.7E-6 
~ 0.1 
22.50 
2.5E-16 
-
The distribution with downwind distance for the 337.5° release 
direction of the 1.5E-3 manSv is shown in detail in Fig. 6.8. 
Distance 
interval 
(km) 
0.5 - 1 
1 - 1.5 
1.5 - 2 
2 - 3 
3 - 4 
4 - 5 
5 - 7.5 
7.5 - 10 
10 - 12.5 
12.5 - 15 
15 - 20 
20 - 25 
25 - 30 
Sum 
Collective bone-marrow dose 
E-5 manSv 
1.9 
1.5 
1.2 
2.0 
3.0 
4.2 
4.9 
3.4 
1.1 
1.4 
108.4 
16.9 
2.6 
152.4 
(%) 
1.2 
1.0 
0.8 
1.3 
2.0 
2.8 
3.2 
2.2 
0.7 
0.9 
71.1 
11.1 
1.7 
100.0 
Pig. 6.8. Collective bone-marrow doses distributed in the 
13 distance intervals in the 337.5° direction in a PWR 9 
design-basis accident release. 
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6.3.2. Collective doses in the BWR 5 release category 
For the six release directions chosen. Fig. 6.9 shows the collec-
tive doses to the rfhole body and to the bone marrow. 
Figure 6.9 shows that there is no difference between the doses to 
the whole body and the bone-marrow doses. This is because the ex-
ternal radxat ion is more than two decades greater than the inhal-
ation and deposition components as shown in Fig. 6.6. 
With respect to the PWR 9 releaser the greatest collective dose 
is found for the 337.5° release direction towards Wexford. 
Further, the calculations for the 337.5° release direction show 
that the essential part of the collective dose is delivered 
within this 22.5° sector. Of the total collective bone-marrow 
dose of 3.4E-2 manSv, the contributions from the neighbour sec-
tors are: 
Sector 
Dose 
manSv 
% 
292.5° 
1.7B-6 
-
315° 
3.7E-4 
~ 1.1 
337.5° 
3.26E-2 
~ 97.1 
360° 
6.1E-4 
~ 1.8 
22.5° 
y.9E-8 
-
However, compared with the PWR 9 release, the relative contribu-
tion from the adjacent sectors is more than ten times greater for 
the BWR 5 release. The reason for this is the effective disper-
sion height of 150 m, which gives the possibility of irradiation 
of adjacent sectors. 
The distribution with downwind distance for the 337.5° release 
direction of the 3.4E-2 manSv is shown in detail in Fig. 6.10. 
BWR-5 
release 
Release 
direction 
22.50 
270O 
292.50 
3150 
337.50 
360O 
Whole-body doses 
Total dose 
manSv 
1.5E-3 
2.2E-3 
6.8E-3 
7.6E-3 
3.4E-2 
7.3E-3 
Exposure above 5E-6 Sv 
persons 1 manSv 
47 
2 
44 
54 
203 
179 
3.5E-4 
1.3E-5 
3.1E-4 
3.7E-4 
1.3E-3 
1.2E-3 
Bone-marrow doses 
Total dose 
manSv 
1.5E-3 
2.2E-3 
6.8E-3 
7.6E-3 
3.4E-2 
7.3E-3 
Exposure above 5E-6 Sv 
persons manSv 
47 
2 
44 
54 
203 
179 
3.5E-4 
1.3E-5 
3.1E-3 
3.6E-4 
1.3E-3 
1.2E-3 
Fig. 6.9. Collective whole-body and bone-marrow doses in a BWR 5 accident release 
assumed to take place along the centre-lines of each of the six 22.5° sectors. 
The total accumulated collective doses, the number of persons exposed to an 
individual dose of more than 5 E-6 Sv, and their corresponding collective doses 
are shown for the two dose categories. The atmospheric situation is assumed 
to be: Stability category Dr u = 6 m/s, vq - 1E-2 m/s and 1q = 0. 
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Similar trends can be seen for the PWR IB, PWR 2 and BWR 1 that 
have high energy releases and high effective release heights. 
Finally« similar trends can be found for the four cold releases 
PWR 3 - PWR 6. 
Some conclusions may be drawn from Figs. 7.2 and 7.3 bearing in 
mind that each release category represents a hypothetical acci-
dent with extensive damage to the reactor and in some cases also 
to the containment barriers, that the probability of occurrence 
of each is very low, and also that only one accident could take 
place. 
From the release point (from 0.5 km) and up to a distance of one 
km, the cold PWR 3 release results in the highest individual 
bone-marrow doses in the dose range 4 to 2 Sv. It must be pointed 
out that in an accident very few people would be exposed at such 
close range. 
At distances larger than one km, the cold release PWR 1A gives 
rise to the highest doses. Centre-line doses of more than 1 Sv 
are found within little more than 5 km from the release point. 
The greatest BWR release - the BWR 2 - first reaches the same 
level as the PWR 3 at a distance of 5 km. 
At distances greater than 5 km, the hot BWR 1 reaches the same 
level as PWR 2. 
A detailed description follows of the centre-line bone-marrow 
doses (maximum doses) calculated for each of the ten release 
categories. The model is able to predict doses and concentrations 
within a factor of 2-3, and at larger distances the findings are 
normally overestimated (cf. Section 5.3.1.1). 
Samma plume is generally found to be the dominating dose component 
except in the PWR 3 release where gamma deposition dominates out 
to a distance of nearly 3 km. 
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7 . 2 . 1 . 1 . Release category PWR 1A 
PWR1A, Bone m a r r o w d o s e C30 d } . 
Stab i I i ly D 
w i ndsp«*d 6 m/s 
v 8 = 1E-2 m/r. 
I8 = 8 
Expo*ur% t i in* 
8 hours. 
Curv** : 
A: Inhalation 
B: Gamma p i urn« 
C: Gamma dep. 
0- Sum, A*B+C 
BS t 5 18 38 
DI s tone* Ckm] 
Fig. 7.4. Centre-line doses to the bone marrow 
(30 d) as a function of distance in the PWR 1A re-
lease category. 
In the cold PWR 1A release (see Fig. 7.1) with release height h 
= 25 m, the effective dispersion height, H » 75 m, is reached at 
a downwind distance of 360 m. The gamma plume component dominates 
up to about 3 km. The relatively low-hanging plume reaches ground 
very quickly after the release point and gives rise to contri-
butions from gamma deposition and inhalation, which reach their 
maximum at a distance of approx. 2 km from the release point. At 
larger distances downwind the gamma plume and gamma deposition 
components contribute nearly equally to the resulting bone-marrow 
dose. 
ICI . 
lEt 
> 
V) 
I IE-1 z 
IE-2 
•r_4 ' ' • 
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Comparing Pig. 6.10 with Pig. 6.8, it appears that the relative 
contribution to the collective bone-Marrow dose is greater for 
the PWR 9 release in the distance interval O.Ski - 7.5 ki while 
the relative contribution to the collective dose is greater for 
the BWR 5 release in the distance interval 7.5 ki - 30 km. This 
is explained in Pig. 6.2 where the dose decreases mich faster 
with increasing distance in the PWR 9 case than in the BUR 5 
case. 
Distance 
interval 
(ka) 
0.5 - 1 
1 - 1.5 
1.5 - 2 
2 - 3 
3 - 4 
4 - 5 
5 - 7.5 
7.5 - 10 
10 - 12.5 
12.5 - 15 
15 - 20 
20 - 25 
25 - 30 
Sum 
Collective bone-Marrow dose 
(E-5 manSv) 
0.9 
0.9 
0.8 
2.2 
3.9 
5.8 
9.3 
10.3 
7.9 
6.0 
234.3 
42.3 
10.7 
335.4 
(%) 
0.3 
0.3 
0.2 
0.7 
1.2 
1.7 
2.8 
3.1 
2.4 
1.8 
69.9 
12.6 
3.2 
100.0 
Pig. 6.10. Collective bone-marrow doses distributed in 
the 13 distance intervals in the 337.5° direction in 
a BWR 5 design-basis accident release. 
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7. DOSES FROM HYPOTHETICAL CORE-MELT ACCIDENTS 
7.1. Introduct ion 
This chapter deals with doses and the consequences of hypotheti-
cal core-aelt accidents. 
Por a given hypothetical accident, two essential factors affect-
ing consequences mist be taken into account: type of accident and 
atmospheric conditions. 
Considering the first factor: for the two reactor types in 
question, the ten accidents (described in detail in chapter 4) 
combine the worst conceivable possibilities of accidents to the 
reactor core with the worst conceivable possibilities of contain-
ment failures. The ten release categories are all characterized 
by core melt-down. Probabilities for the occurrence of such worst 
conceivable accidents are accordingly very low: they are shown in 
Pig. 7.1, and comments are given in Chapter 4. 
The PWR 1 (A and B) and BWR 1 accidents include a steam explosion 
in the pressure vessel which results in a breach of the contain-
ment barrier with rapid and very large releases as a result. 
In the PWR 2 and BWR 2 accidents overpressure results in severe 
failure of the containment barrier and the concurrent core melt-
down gives rise to releases to the atmosphere of very large frac-
tions of the cere inventory of radioactive materials (Pig. 4.1). 
In the BWR 2 case it is expected that 30 hours would elapse be-
fore the 3-hour release took place (Pig. 4.3). 
Cases PWR 3 to 6 are core-melt accidents with decreasing severity 
of release, depending on the decreasing leak rates of the con-
tainment barrier. In the PWR 6 release, the containment barrier 
would tetain its integrity until the molten core proceeded to 
melt through the concrete containment base mat into the ground 
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(often called the "China syndrome"). The release would take place 
over 10 hours with a rather low release rate through the ground 
upward to the atmosphere. It is assumed that the release starts 
12 hours after reactor shut-down. 
In the BWR 3 release, 30 hours of cooling after shut-down would 
elapse before the release takes place over three hours. 
The ten release categories have different release rates of sen-
sible energy from the containment. 
The PHR 1B, PHR 2 and the BWR 1 releases have high rates of 
energy release of, respectively, 152, 50 and 38 MW, and could 
be called "hot" releases. The heat in each release gives rise to 
buoyancy of the plume. Here the final effective dispersion 
heights, H, are significantly greater than in the other releases, 
which could be called "cold" releases with rather low values of 
H (Pig. 7.1). 
Atmospheric conditions at the time of a release constitute the 
second essential factor affecting the consequences. 
To combine hypothetical release categories of very low probab-
ility with extreme weather conditions, also having very low 
probability was not considered reasonable. Therefore each of the 
ten release categories of low probability was combined with the 
most probable atmospheric situation found at Carnsore Point. 
This combination is discussed in detail in this section. 
The meteorological situation applied to the ten release categor-
ies is the most common one described in Section 3.4: 
Pasquill stability category D, 
Wind speed u • 6 m/s (21.6 km/h) 
Dry deposition velocity v_ • 10~2 m/s 
Wet deposition velocity 1a » 0 g"1, no rain 
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Calculations were made using the PLUCON 2 model of bone-marrow 
doses to individuals as a function of downwind distance from 
the release point. A detailed description is given for each of 
the ten release categories. 
Doses to specific organs are then described in four selected re-
lease categories (PWR 1A, PWR 2, PWR 6 and BWR 2). The relative 
importance to the dose distribution of different radionuclide 
groups is then described, followed by a description of dose-level 
ranges for bone-marrow and whole-body doses in each of the ten 
release categories. 
Collective doses to the bone marrow and whole-body doses are cal-
culated for the ten release categories. The number of persons 
subjected to doses within certain levels *as found in order to 
estimate the possible number of deaths from acute effects of 
radiation as well as the number of late cancer cases by applying 
certain internationally accepted, conservative risk factors. 
As described in Section 5.3.1.1, it was decided to calculate 
only the doses out to a distance of 30 kn from Carnsore Point. 
As described in Section 5.3.1.2, in the model the plume is as-
sumed to rise to a given height (the effective dispersion height, 
H) that depends on stability category, wind speed and energy re-
lease. When the plume reaches this height it is assumed that its 
centre-line remains constantly at the height H. 
Figure 7.1 shows the final effective dispersion height, H, for 
the 10 release categories in the meteorological situation con-
sidered in this chapter (the values are taken from Fig. 5.3). 
Figure 7.1 also shows the distance, d, in m from the release 
point at which the plume centre-line is assumed to reach H. The 
value of d is calculated in accordance with a procedure of 
Briggs. 
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Release 
category 
PWR 1A 
- IB 
- 2 
- 3 
- 4 
- 5 
- 6 
)HR 1 
- 2 
- 3 
Probability 
per reactor 
year 
4B-7* 
5E-7 
8E-6 
4E-6 
5E-7 
7E-7 
6E-6 
1E-6 
6E-6 
2B-5 
Release 
height 
h [.] 
25 
25 
0 
0 
0 
0 
0 
25 
0 
25 
Energy 
release 
from 
containment 
p [MW] 
5.9 
152 
50 
1.8 
0.3 
0.1 
-
38 
8.8 
5.9 
Effective 
dispersion 
height 
H [.] 
75 
378 
181 
25 
8.4 
4.4 
0 
179 
64 
75 
Distance 
corre-
sponding 
to R 
a [.] 
360 cold 
1300 hot 
850 hot 
225 cold 
200 cold 
200 cold 
200 cold 
660 hot 
420 cold 
360 cold 
Fig. 7.1. The probabilities of occurrence per reactor 
year, the release height h and the rate of sensible 
energy release frost the containment are shown for the 
10 release categories with core Melt-down. The cor-
responding effective dispersion height H, and the dis-
tance d fro* the release point at which the effective 
dispersion height is reached, are shown for the atmos-
pheric conditions applied in this section (Pasquill D, 
u * 6 m/s, vg - 10"2 n/s, 1g » 0 s"1), 
*4E-7 is understood as 4 in 10,000,000 per reactor year. 
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Mention should be made of the more important parameters applied 
in the calculations (described in detail in Chapter 5): 
Respiration rate: 3.5 x 10"* m^/s (adults in working hours) 
Reduction factor for those inside buildings, inhalation: 0.2 
Reduction factor for those inside buildings, gamma plume: 0.6 
Reduction factor for roughness of the ground and those inside 
buildings, gamma deposition: 0.14 
People in the area are assumed to remain inside brick houses for 
the first 8 hours after the start of warning time. 
The model makes a correction for a long-term release, in relation 
to a 30-minute release, by correcting the dispersion parameters. 
7.2. Doses to individuals 
7.2.1. Bone-marrow doses 
In order to evaluate any acute radiation effects it is necessary 
to know the bone-marrow dose to individuals. For the 10 release 
categories, doses to the bone narrow are calculated (see Section 
5.3.5) in the plume centre-line for distances downwind from 0.5 
to 30 km from the release point. Calculations are made of the 
three dose components inhalation dose, external gamma dose from 
the rlume and external gamma dose from deposited radioactivity 
(in the following called inhalation, gamma plume and gamma de-
position) as well as their sums. The plume centre-line doses re-
present the highest doses at a given distance in a given release 
situation. In order to compare the 10 release types, the sum 
curves are shown in Pigs. 7.2 and 7.3. Figure 7.2 shows the PWR 
and Pig. 7.3 the BWR releases types. 
Figure 7.1 shows that the energy releases and effective release 
heights of the cold releases PWR 1A, BWR 2 and BWR 3 are of the 
same order of magnitude. Their dose patterns are also seen to be 
similar (Figs. 7.2 and 7.3). The differences in dose levels re-
sult from the different activity releases and decay times. 
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Dose level, Sv 
Area surrounded by the 
isodose curve, k»2 
Distance to start of 
area, km 
Distance to endpoint, km 
Maximum half-width, • 
Distance of maximum 
width, km 
0.1 
45.5 
0.5 
27.3 
1130 
17 
0.5 
5.4 
0.5 
9.3 
390 
5.5 
1.0 
1.7 
0.5 
5.4 
222 
3.1 
2.0 
0.17 
0.9 
2.6 
75 
2.0 
Pig . 7 . 6 . Data on the isodose curves shown in Pig . "".S. 
7 . 2 . 1 . 2 . Release category PWR IB 
PWR1B, Bone morrow dose C30 cD 
ie» 
ic-i t 
IC-2 r 
> 
I 
IE-3 
IE-4 
IE-S 
S t a b i I i t y D 
w i n d * p * * d 6 m/» 
v 8 : I E - 2 M / S 
l g : 0 
E x p o s u r e t i m * 
8 h o u r « . 
Curves 
I n h o l a t I o n 
GCMMIO plum< 
Gamma amp. 
Sua, A*B*C 
Pig. 7.7. Centre-line dose* to the bone marrow as 
a function of distance in the PWR IB release category. 
The figures showing the 
centre-line doses rep-
resent the maximum down-
wind doses calculated 
for each release cate-
gory. In order to illu-
strate the spatial dose 
distribution, isodose 
curves were calculated 
for the release giving 
the highest dose picture 
- the cold PWR 1A re-
lease. 
The isodose curves for 
the values of 2, 1, 0.5 
and 0.1 Sv, are shown 
in Pig. 7.5. The scales 
of the axes are in km 
(Pig. 7.4 shows the cor-
responding levels of 2 
and 0.5 Sv by means of 
dotted lines). 
Pigure 7.6 shows the 
areas and the maximal 
widths of the four iso-
dose curves together 
with the corresponding 
distance from the re-
lease point. 
c 
Pig. 7.5. Isodose curves 
(bone-marrow dose) for 
Jo the PWR 1A release cat-
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The release height h is 25 i in the PWR IB release category. The 
very high rate of energy release of 152 MW fro« the containment 
gives rise to a marked buoyancy of the plume, resulting in an ef-
fective dispersion height H as high as 378 m, reached at a down-
wind distance of 1300 m. Although the release comprises a very 
large fraction of the core inventory, the markedly dominant dose 
component is gamma plume because of the high plume centre-line. 
First at 4-5 km downwind does the plume reach ground level and 
give rise to i ihalation and gamma deposition doses. The maximum 
contribution from the two dose components is reached beyond 20 
km. 
Up to a distance of more than ten km, the PWR IB dose is more 
than one decade less than the dose from the cold PWR 1A release, 
and at a distance of 30 km it is still more than a factor 2 
lower. 
7.2.1.3. Release category PWR 2 
PWR2, Bone morrow dose C30 d). 
S l o b l I l t y 0 
windsorn*«' 6 ni/s 
vo = IE-2 m/a 
Ig = 0 
Expoaura tim« 
8 hour«. 
Curvaa : 
A > Inhoi at I on 
S: S o m a ø I urn« 
C- Gamma dap. 
D= Som. A*B*C 
Dlatana* Ckal 
Pig. 7.8. Centre-line doses to the bone marrow as a 
function of distance in the PWR 2 release category. 
lE-l 
] 
IE-2 
IE-} 
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The PWR 2 release has the relatively high rate of energy release 
of 50 MH. The plume reaches the calculated effective dispersion 
height H of 181 m at a downwind distance of 850 m. With the re-
lease height of 0 m, the plume gives rise to inhalation and gamma 
deposition doses at a distance of little more than one km, having 
maximal contributions at a distance of between five and ten km. 
The gamma plume component dominates all the way downwind in the 
weather situation selected. 
7.2.1.4. Release category PWR 3 
PWR3, Bone marrow dose C30 d) 
IEI 
1EB t 
> 
* 
0 
a 
tE-i r 
IE-2 
1E-3 
Stab l I i t y D 
u i nd«p««d 6 m/i 
vg ; I E - 2 m/c 
la ; d 
Exposure t im« 
8 h o j r s . 
Cur> 
A: 
B: 
C: 
D: 
Inholat 1 on 
Gamma p1um 
Gamma d«p. 
Sum, A+B+C 
DI stone« Ckml 
Pig. 7.9. Centre-line doses to the bone marrow as 
function of distance in the PWR 3 release category. 
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Of the ten release categories considered, PWR 3 gives the highest 
doses downwind in the vicinity of the release point up to a dis-
tance of 1 km (see Fig. 7.2) with contributions from 4 to 2.5 Sv. 
The release must be considered as cold with a rate of energy re-
lease of 1.8 MW. The release height is b m, and the effective 
dispersion height H of 25 m is reached at a downwind distance of 
228 m. Dispersion of the ground-level plume, however, gives rise 
to a fall of more than a decade in the total dose level within a 
downwind distance of 5 km. The three 3ose components contribute 
almost equally to the dose immediately after the release. 
7.2.1.5. Release category PWR 4 
PWR4, Bone marrow dose C30 d ) . 
Stab l I i t y D 
w i nd«p««d 6 m/« 
vg •  I E - 2 m/s 
lg ; 6 
Exposure t i mm 
8 hour s . 
Curve« : 
A: I n h a l a t i o n 
B: Gamma pI urn« 
C: Gamma d«p. 
D: Sum, A+BfC 
8.5 I S 18 38 
Dlstone* Ck*3 
Pig. 7.10. Centre-line doses to the bone marrow 
as a function of distance in the PWR 4 release 
category. 
id p 
IE9 
> 
I 
iE-i r 
i E-2 r 
i r . « i i i i 
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The PWR 4 release category has a low rate of energy release from 
the containment of 0.3 MH at a ground-level release height, and 
a calculated effective dispersion height of 8.4 m reached 200 m 
downwind. Gamma plume is the dominant dose contributor. Disper-
sion of the ground-level plume gives rise to a fall in the total 
dose level of a factor of 20 within 5 km downwind. 
7.2.1.6. Release category PWR 5 
PWR5, Bone marrow dose C30 d) 
1E8 
1E-I 
> 
(0 
0 
IE-2 r 
1E-3 
IE-4 
Slab I I l l y D 
w i n d s p * « d 6 m/fl 
vg = t E - 2 m / s 
l8 : 0 
Exposure t i me 
8 hours. 
Cur\ 
A 
B 
C 
D 
I n h o l a t I on 
G omnia p I urn« 
Gamma d e p . 
Sum, A-i-B+C 
D l . l CknO 
Fig. 7.11. Centre-line doses to the bone marrow 
as a function of distance in the PWR 5 release 
category. 
The PWR 5 release is a low energy, ground-level release where 
the dose is dominated by the gamma plume component. This is 
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because of the dominance of noble gases in the release of activi-
ty. The dose decreases rapidly with increasing downwind distance 
as did those of the cold releases discussed earlier. 
7.1.2.7. Release category PWR 6 
PWR6,, Bone marrow dose C30 d) . 
Stab l I i t y D 
w i ndsp«*d 6 m/s 
vg = ! E - 2 m/s 
lg : 8 
Exposure t im« 
8 hours . 
Curves •  
A: I n h a I a t I on 
B : Gamma p I u i u 
C; Gamma dep. 
D: Sum, A-H3+C 
" " B.S I S 18 38 
Distance Ckm3 
Fig. 7.12. Centre-line doses to the bone marrow as 
function of distance in the PWR 6 release category. 
PWR 6 is a ground-level release at ambient temperature. As this 
penetrates into the ground, noble gases are the main activity 
components. The gamma plume is by far the most dominant component 
downwind. The gamma deposition component is of relatively minor 
importance because of the 10-hour duration of the release plus 
the 1-hour warning time, which period of time is very long com-
pared to the exposure time of 8 hours. 
it-i 
i E-2 r 
> 
to 
0 
o 
IE-3 r 
IE-4 
ir.c 
K _ 
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7 . 1 . 2 . 8 . Release category BWR 1 
BWR I ,, Bone m a r r o w d o s e C30 cD . 
i n 
tE-l 
PI 
> 
OT 
I 
IE-2 
IE-3 
k 
. 
-
1
 
1
 1
 A
 
.1
—
 
1 1 1 1 
- — ^ 
LL L _L -
N l 
s~~c • 
A 
i—JU 1—L 
^x \ 
\^  
1 _ ._ 
S t o b i l l t y D 
wInd*p««d 6 m/< 
vg : I E - 2 m/s 
is : e 
E x p o s u r e l i m « 
8 h o u r s . 
e.s te 
DIstone« CkmD 
C u r v e s : 
A: I n h a l a t i o n 
B: Gamma p I urn« 
C = Gamma d « p . 
D-. Sum, A-t-B+C 
Fig. 7.13. Centre-line doses to the bone marrow 
as a function of distance in the BWR 1 release 
category. 
The BWR 1 release is characterised by the high rate of energy 
release - 38 MW - which with a release height of 25 m results in 
a calculated effective dispersion height of 179 m, reached at a 
downwind distance of 660 m. As the plume first reaches ground 
level at a distance of approx. 1.5 km, gamma plume is the only 
dose component up to this distance from the release point. Inha-
lation and gamma deposition reach maximums between five and ten 
km downwind. 
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7 . 2 . 1 . 9 . Release category BWR 2 
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Fig. 7.14. Centre-line doses to the bone marrow 
as a function of distance in the BHR 2 release 
category. 
As seen in Pig. 7.14, the BHR 2 release gives the highest doses 
to ground level within a distance of five km from the BHR types 
considered. The BHR 2 release has a release height of 0 m and an 
energy release rate from the containment of 8.8 MH. The calcu-
lated effective dispersion height is rather low, 64 m, reached 
420 m downwind. Gamma plume is the dominant dose component. In-
halation and gamma deposition reach maximums at a distance of be-
tween one and two km. 
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7.2.1.10. Release category BWR 3 
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Pig. 7.15. Centre-line doses to the bone marrow 
as a function of distance in the BWR 3 release 
category. 
In the BWR 3 case the release height is 25 m and the energy re-
lease rate from the containment - 5.9 MW - is less than in the 
other two BWR cases. The calculated effective dispersion height 
H of 75 m is reached at 360 m downwind. Gamma plume is the domi-
nating dose component. Inhalation and gamma deposition reach a 
maximum about 2 km downwind. 
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7.2.2. Doses to specific organs 
The impact of doses on specific organs, their relative import-
ance and the method of dose calculation are described in detail 
in Section 5.3.5. 
Release categories PWR 1A, PWR 2r PWR 6 and BWR 2 were selected 
for detailed investigation. PWR 1A and BWR 2 were chosen because 
they give the highest doses for the two reactor types. PWR 6 was 
selected as representing the "minor" PWR cold release with the 
highest probability of occurrence (6 x 10~6 per reactor year). 
PWR 2 was chosen for the sake of completeness as this release 
type was the "work horse" in the parameter study described in 
Chapter 8. 
Individual doses to the following specific organs were calcu-
lated: 
A: Whole body (integrated over 50 years) 
B: Bone marrow (integrated over 30 days) 
C: Lungs (integrated over 1 year) 
D: Gastro-intestinal tract (integrated over 7 days) 
E: Thyroid (integrated over 30 days) 
The five specific organ doses obtained in the olume centre-line 
in the four release categories are shown in Pigs. 7.16 - 7.19. 
The centre-line individual doses are considered the maximum 
doses for a given distance. 
The curves marked B, which show the bone-marrow doses, are the 
same as the sum-curves marked D in the corresponding Pigs. 7.4, 
7.8, 7.12 and 7.14. 
As the PWR 1A and BWR 2 releases have similar, low energy re-
leases and dispersion heights, their dose patterns, seen in Figs. 
7.16 and 7.19, are found to be generally similar. 
- 129 -
The somatic effects of doses to specific organs are described 
in Section 7.5.3. 
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Fig. 7.16. Specific plume centre-line organ doses 
as a function of distance for the PWR 1A release 
category. 
The cold release leads to maximum inhalation inside the short 
distance of 2 km, and the very high proportion of iodines and 
aerosols of ruthenium isotopes in the release (see Fig. 4.1) 
gives rise to maximum thyroid and lung doses of the order of, 
respectively, 100 and 40 Gy. 
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Pig. 7.17. Specific plume centre-line organ doses 
as a function of distance for the PWR 2 release 
category. 
Maximum organ doses are found at distances of 5-10 km. The maxi-
mum levels are: 
10-11 Sv to the thyroid, 1.5 Sv to the lungs, 0.4 Sv to the gas-
tro-intestinal tract. 
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Pig. 7.18. Specific plusae centre-line organ doses 
as a function of distance for the PtiR 6 release 
category. 
Note: The ordinate scale differs fro* that in Figs. 7.16, 
7.17 and 7.19. 
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Pig. 7.19. Specific plu«e centre-line organ doses 
as a function of distance for the BUR 2 release 
category. 
The lower lung dose, as conpared to the PWR 1A doses, results 
fro« the relatively smaller fraction of rutheniu« isotopes in 
the BWR 2 release. 
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7.2.3. Ranges of individual dose levels 
Por the ten release categories considered here, the PLOCON 2 
•odel was used to calculate the ranges in k« froa the release 
point of different dose levels for doses to the bone marrow and 
for whole-body doses. As described in Section 5.3.5, the bone-
marrow dose is the most important contributor to acute effects 
such as illness and early death. Siailarly the whole-body dose 
is the basis for evaluation of any possible long-term con-
sequences, such as delayed cancer death. The ranges for the two 
dose types are shown in Pigs. 7.20 and 7.21. 
Dose 
level 
Sv 
(i era) 
Release 
category 
PWR 1A 
PWR IB 
PWR 2 
PWR 3 
PWR 4 
PWR 5 
PWR 6 
BWR 1 
BWR 2 
BWR 3 
5-10 2 
(5) 
0.1 
(10) 
0.3 
(30) 
0.5 
(50) 
1 
(100) 
2 
(200) 
3 
(300) 
4 
(400) 
Range from the release point in km 
>30 
1.1 
>30 
15.1 
7.1 
3.3 
0 
>30 
17.4 
6.5 
27.3 
0.7 
21.5 
9.4 
4.4 
2.0 
0 
23.7 
10.9 
3.4 
13.3 
0 
0.86 
4.5 
2.0 
0.9 
0 
0.7 
4.9 
0 
9.3 
0 
0.57 
i.l 
1.4 
0.6 
0 
0 
3.1 
0 
5.4 
0 
0 
1.9 
0.8 
0 
0 
0 
0 
0 
2.6 
0 
0 
1.1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.7 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
Pig. 7.20. Range in km of eight bone-marrow dose 
levels for the ten release categories under the 
atmospheric release conditions: Pasquill stability 
class D, u » 6 m/s, v_ « 10~2 m/s, no rain. 
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Dose 
level 
Sv 
(rem) 
Release 
category 
PWR 1A 
PWR IB 
PWR 2 
PWR 3 
PWR 4 
PWR 5 
PWR 6 
BWR 1 
BWR 2 
BWR 3 
5-10"2 
(5) 
0.1 
(10) 
0.3 
(30) 
0.5 
(50) 
1 
(100) 
2 
(200) 
3 
(300) 
4 
(400) 
5 
(500) 
Range from the release point in km 
>30 
>30 
>30 
>30 
13.7 
6.1 
0.8 
>30 
>30 
17.7 
>30 
>30 
>30 
20.5 
8.7 
3.9 
0.5 
>30 
>30 
10.7 
29 
0 
21.6 
9.9 
4.3 
1.9 
0 
24.3 
14.7 
4.4 
21 
0 
12.2 
7.1 
3.1 
1.4 
0 
14.6 
10.4 
2.3 
12.8 
0 
0 
4.5 
2.0 
0.8 
0 
0 
6.2 
0 
7.7 
0 
0 
2.8 
1.2 
0.6 
0 
0 
3.5 
0 
5.6 
0 
0 
2.2 
0.9 
0 
0 
0 
2.3 
0 
4.3 
0 
0 
1.8 
0.8 
0 
0 
0 
0 
0 
3.4 
0 
0 
1.5 
0.7 
0 
0 
0. 
0 
0 
Pig. 7.21. Range in km of nine whole-body dose 
levels for the ten release categories under the 
atmospheric release conditions: Pasquill stab-
ility class D, u = ? m/s, vg - 10~2 m/s, no rain. 
7.3. Relative importance of radionuclides released 
For the release categories considered, a calculation was made in 
order to evaluate the relative influence on dose of different, 
selected isotope groups. Five groups were considered: noble 
gases, iodines, cesium isotopes, strontium isotopes, and the 
remaining isotopes. 
The table, Fig. 7.22, shows the relative bone-marrow dose distri-
bution over the five groups for the release categories con-
sidered. The distribution is also shown for the two design-basis 
- 135 -
Release 
category 
PWR 1A 
PWR IB 
PWR 2 
PWR 3 
PWR 4 
PWR 5 
PWR 6 
PWR 9 
BWR 1 
BWR 2 
BWR 3 
BWR 5 
Noble 
gases 
[X] 
6.0 
9.3 
7.6 
13 
33 
43 
85 
59 
8.5 
2.6 
9.8 
91 
Iodine 
fxl 
64 
66 
75 
57 
53 
47 
10 
18 
49 
68 
47 
0.01 
Cesium 
3.1 
2.1 
4.4 
4.9 
2.3 
1.4 
0.6 
13 
3.4 
7.3 
5.6 
Strontium 
[X] 
2.0 
1.3 
2.8 
2.7 
1.6 
0.9 
0.3 
2.2 
6.0 
2.3 
Others 
[X] 
25 
21 
10 
23 
9.6 
7.7 
3.3 
9.8 
37 
16 
35 
1 9.2 
Total dose 
CSv] 
0.45 
2.9E-2 
0.21 
9.2E-2 
3.0E-2 
9.9E-3 
8.5E-4 
2.7E-7 
0.24 
0.11 
2.9E-2 
3.6E-6 
Fig. 7.22. The relative contribution to the bone-marrow 
dose, at 10 km downwind distance, from five isotope groups 
for all release categories considered. 
PWR 2 BWR 2 
E3 E3 M RS • 
Noble gases Iodine Cesium Strontium Others 
Pig. 7.23. The relative contribution to the bone-marrow 
dose, at 10 Icm downwind distance, from five isotope groups 
for the release categories PWR 2 and BWR 2. 
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releases PWR 9 and BWR 5 described in chapter 6. The percentages 
as well as the total doses are given for a distance of 10 km 
downwind in the plume centre-line. 
Figure 7.22 shows that the isotope distribution patterns can be 
divided into two main groups: the severe core-melt accidents 
with the corresponding low probabilities (PWR IA, PWR 1B, PWR 
2-5 and the BWR 1-3 cases), and the "China syndrome" PWR 6 acci-
dent as well as the two design-basis a- jidents PWR 9 and BWR 5. 
In the latter group the contribution from the noble gases is be-
tween 59% and 91%, that from the iodines is low, between 0.01% 
and 18%, while the group of "other" isotopes contributes between 
3.3% and 9.2%. In the PWR 9 release cesium contributes 13% to the 
very low total collective bone-marrow dose of 2.7 * 10~7 Sv. 
In the severe core-melt group, the iodines contribute between 
47% to 75% of the total dose. The "other" isotopes contribute be-
tween 9.9% and 37%, and noble gases between 2.6% and 43%. The 
cesium and strontium isotopes are considered low dose contribu-
tors of a few per cent each. 
Figure 7.23 illustrates the relative contribution to the bone-
marrow dose 10 km downwind in the plume centre-line from the 
five groups in the PWR 2 and BWR l release categories. 
7.4. Collective doses 
Collective doses are calculated in manSievert (manSv). Chapter 
2 described the distribution of the resident population in the 
area. The doses are presented in sectors in a polar coordinate 
system with centre in the site and with an angle of 22 1/2° be-
tween the radii, giving a total of 16 sectors. 
The distribution is described in detail in Figs. 2.3 - 2.8. As 
mentioned in Section 5.3.1.1, only the population out to a dis-
tance of 30 km was considered. 
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Figure 2.3 shows that two people reside in the sector segment in 
the 45° direction at a distance of between 1.5 and 2 km. 
Figure 2.5 shows that three people inhabit Tuskar Rock in the 
sector segment in the 67.5° direction at a distance of between 
10 and 12.5 km. No others reside in these two sectors. Figures 
2.7 and 2.8 shows that the next eight sectors towards the sea are 
uninhabited and that the large majority of people live in just 
six sectors. Among these, the highest population distribution is 
found in that which includes the county town of Wexford and whose 
centre-line points almost exactly in the direction 337.5° (see 
Section 2.2). 
As the collective dose to the few people in sectors 45° and 67.5° 
can be easily found from the information on individual doses, 
only the six sectors mentioned above were considered for the cal-
culation of collective doses. 
For a given release direction, the program adds each dose contri-
bution found within a sector of 75° at each side of the release 
direction. The data show that with the Pasquill categories con-
sidered in this report, the main dose is delivered within the 
22.5° sector in question and that the contributions from adjoin-
ing sectors are very small. For the atmospheric situation: stab-
ility D, u = 6 m/s, v_ = 10 m/s, 1_ = 0, and the maximum re-
lease (PWR 1A), the collective dose to the bone marrow is found 
to be 2540 manSv in the 337.5° direction, while the contributions 
in the adjoining sectors 315° and 360° amount to a total of 2.2 
manSv. It can be added that the adjoining sector contribution is 
mainly found inside a distance of five km from the release point. 
The calculation is made for each release category by choosing the 
release direction on the centre-line of the sector considered. 
In order to find the sector in which the highest collective doses 
are found in the case of a release, calculations were made of the 
collective doses to the bone-marrow as well as whole-body doses 
for a PWR 1A release taking place in each of the six directions. 
The plume centre-line is assumed to cover the centre-line of the 
sector for each direction. 
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Release 
direction 
22.5° 
270° 
292.5° 
315° 
337.5° 
360° 
Wholebody dose 
[manSv] 
235 
410 
1240 
1180 
7990 
1240 
Bone Marrow dose 
[manSv] 
80 
130 
400 
380 
2540 
410 
Pig. 7.24. Collective whole-body and bone-marrow 
doses calculated for a PWR 1A release in each of 
the six release directions considered out to a 
distance of 30 km. 
7588 
> 
C 0 
f 
4588 
tew 
Who I»body 
Bon*marrow 
22.5 270 292.5 315 337.5 368 
Fig. 7.25. Collective whole-body and bone-marrow 
doses for the PWR 1A release in six release direc-
tions out to a distance of 30 km. 
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Fig. 7.26. Collective whole-body doses and bone-
-marrow doses for the PWR 1A release as a function 
of distance. The steps show the dose contribution 
within each sector segment. 
Figure 7.24 shows the collective doses to the bone marrow and the 
whole-body doses for a PWR 1A release in each of the six 22.5° 
sectors considered. The doses are presented in a histogram in 
Fig. 7.25. 
The distribution of the collective dose in the 337.5° release di-
rection as a function of distance is shown in Fig. 7.26. As to be 
expected, the essential contribution is found at the distance at 
which Wexford lies. 
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At stated in Section 5.3.1.1 it should, however, be borne in 
mind that the dose model is able to predict the doses to 
within a factor 2-3 inside the chosen distance of 30 km. 
Bone marrow dose 
Release 
type 
PWR 1 A 
PWR 1 B 
PWR 2 
PWR 3 
PWR 4 
PWR 5 
PWR 6 
BWR 1 
BWR 2 
BWR Z 
0-5 km 
[manSv] 
145 
.4 
28 
67 
28 
10 
1 
28 
71 
15 
5-10 km 
[manSv] 
131 
5 
46 
41 
17 
6 
• 1 
51 
62 
15 
10-20 km 
[manSv] 
1920 
432 
1230 
435 
153 
52 
5 
1390 
585 
1 162 
20-30 km 
[manSv] 
341 
97 
230 
80 
29 
10 
1 
261 
112 
32 
Total 
tmanSv] 
2540 
538 
1530 
623 
228 
78 
8 
1730 
830 
224 
Whole body dose 
Release 
type 
PWR 1 A 
PWR 1 B 
PWR 2 
PWR 3 
PWR 4 
PWR 5 
PWR 6 
BWR 1 
BWR 2 
BWR 3 
0-5 km 
[manSv] 
416 
4 
46 
231 
86 
28 
2 
51 
306 
54 
5-10 km 
[manSv] 
403 
7 
116 
132 
46 
15 
1 
135 
283 
58 
10-20 km 
[manSv] 
6080 
1180 
3610 
1380 
403 
122 
7 
4190 
2750 
598 
20-30 km 
[manSvl 
1090 
282 
687 
255 
77 
24 
1 
798 
534 
117 
Total 
[manSv] 
7990 
1470 
4460 
2000 
613 
189 
11 
5180 
3870 
827 
Fig. 7.27. Collective bone-marrow and whole-body doses in the 
337.5° release direction for the ten release categories con-
sidered. The contribution inside four distance intervals and 
the total dose are shown. 
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Collect i ve doses, hypothetical accidents. 
t: PURIA 
2= PVRIB 
3> PWR2 
4- PWR3 
5= PUR4 
6: PURS 
7-- PUR6 
8= BUR1 
9: 3URZ 
18: BUR3 
Fig. 7.28. Collective bone-marrow and whole-body 
doses in the 337.5° release direction for the re-
lease categories considered. 
Figure 7.27 shows the collective bone-marrow and whole-body doses 
for all release categories considered for the 337.5° release di-
rection. For each release category the contribution is shown for 
four distance intervals as well as the total collective dose cal-
culated from the release point out to the 30 km limit. Figure 
7.28 shows the two collective dose types in a histogram for com-
parison. 
As the 337.5° direction represents the crucial sector, and as 
calculations of collective doses consume much computer time, only 
doses for the 337.5° direction were calculated for the other re-
lease categories considered. 
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7.5. Health effects 
The health effects that might be associated with a reactor ac-
cident can be divided into three categories: 
1) Early somatic effects (nonstochastic effects) 
2) Late somatic effects (stochastic effects) 
3) Genetic effects. 
Early and continuing somatic effects include the early mortali-
ties (and morbidities) usually observed after large acute doses 
of radiation, and which can occur within days to weeks after ex-
posure. They also include illnesses and deaths manifested tithin 
a year or so. In general early somatic effects are associated 
primarily with individual doses of over 1 Sv - and thus would be 
limited to persons in the immediate vicinity of the reactor site. 
The early somatic effects are estimated on the basis of the 
magnitude of individual exposure. Late somatic effects include 
latent cancer fatalities and are typically expected to be ob-
served after a latency of 2 to 30 years after exposure. Finally, 
there are the genetic effects which do not manifest themselves 
in the individuals exposed but rather in their descendants. 
In contrast to early somatic effects, both latent cancer and 
genetic diseases are random phenomena, where the probability of 
occurrence is some function of the magnitude of the cause, i.e. 
in the case of radiation the magnitude of exposure. It must also 
be borne in mind that these effects can be initiated by a large 
variety of causes other than radiation. Since no clinical dis-
tinction can be made between a cancer, or genetic disease, that 
is induced by radiation and one that occurs spontaneously, the 
late somatic and qenetic effects originating from a major release 
of radioactive material would manifest themselves as an increase 
in the normal incidence of the effect in question in the exposed 
population. 
Latent cancers as well as genetic diseases are calculated on the 
basis of collective doses rather than individual doses. By the 
use of the so-called linearity principle even small contributions 
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to the collective dose are taken into account. However, some 
people consider use of the linearity principle (extrapolating 
the rather well known risk at high doses and high dose rates to 
areas of smaller doses and dose rates and even to zero) for 
estimating late cancer risks to be "an alarmist approach" leading 
to much exaggerated pictures of the radiation risk. 
7.5.1. Early somatic effects 
In the event of a serious reactor accident, it is generally ex-
pected that all possible resources will be mobilized within the 
country concerned as well as in neighbouring countries. A very 
high level of treatment can therefore be expected to be available 
to seriously injured individuals. The WASH-1400 report considers 
three levels of treatment: minimal, supportive and heroic. 
The relation between dose to the bone marrow and early mortality 
depends on the level of treatment of the exposed individuals. 
Pigure 7.29 shows the relations applied in the WASH-1400 report 
for supportive and minimal treatment. It also shows the relation 
applied in the German Risk Study (Birkhofer et al., 1979). 
The dose/mortality criteria used in the investigation of release 
categories treated here correspond to the three levels in WASH-
1400. It appears that for heroic, and even for supportive treat-
ment, no early fatalities can be expected in any of the ten 
hypothetical releases. 
The number of individuals receiving bone-marrow doses at certain 
levels as well as the resulting collective doses were calculated 
by the PLUC0N2 program using data for distribution of the re-
sident population and for the downwind d-jse pattern. The calcu-
lations were used to find the resulting cases of early mortality 
by applying the appropriate probabilities to different levels of 
bone-marrow dose. 
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The probabilities applied are those used in HASH-1400 for early 
mortalities assuming minimal treatment of the individuals ex-
posed. 
All calculations are made for the atmospheric condition: Pasquill 
stability category D, u * 6 m/s, v_ » 10~2 m/s, 1_ « 0 (no rain). 
Early somatic effects associated with individual doses of more 
than 1 Sv would thus be limited to individuals inside a distance 
of 5.4 km from the release site according to Pig. 7.20. 
For the "cold" PWR 1A release category which has been shown to 
give rise to the largest doses, the calculation was made for 
releases along the centre-line of the directions 22.5°, 292.5°, 
3150, 337,50, and 360° for the population within 7.5 km from 
Carnsore Point. The doses received in all other directions are of 
no influence. 
Early mortality 
100 
(percent! 
so 
Bone marrow 
dose 
(Sievert) 
Fig. 7.29. Relations between bone-marrow dose and 
early mortality as assumed in the WASH-1400 report 
(for minimal treatment and supportive treatment) and 
in the German Risk Study (the Birkhofer report). 
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The collective dose is calculated by combining the population 
distribution described in chapter 2 with the dose pattern ob-
tained fro« the Gaussian pluae-dose aodel. The population den-
sity inside each of the squares shown in chapter 2 is assuaed to 
be unifora. A calculation is aade of the estiaated nuaber of per-
sons receiving a dose greater than a defined level. This nuaber 
is not necessarily an integer, and tenths of persons as well as 
tenths of cases appear in the following. 
7.5.1.1. Release category PWR 1A. In each of the five release 
directions aentioned above, the total collective dose up to a 
distance of 7.5 ka is calculated. Contributions froa doses less 
than 1 Sv are included in the figures. Pigure 7.30 shows the cal-
culated number of individuals receiving a dose of more than 1 Sv 
and their corresponding exposure. 
The cases of early mortality are assuaed to follow a Poisson dis-
tribution with aean values of 0.1 and 0.2, respectively. This 
gives the probabilities shown in Pig. 7.31. 
Release 
cate-
gory 
PWR 1 A 
Release 
direc-
tion 
22.5° 
292.5° 
315° 
337.5° 
360° 
Total col-
lective dose 
0-7.5 fcm 
manSv 
65.4 
56.1 
70.5 
220.0 
226.4 
Exposure above 1 Sv 
Number 
of per-
sons 
20.0 
13.9 
11.1 
72.3 
74.6 
Collec-
tive 
dose 
manSv 
33.4 
20.6 
15.8 
95.8 
108.7 
Calculated 
cases of 
early 
mortality 
0.2 
0.1 
0.2 
Pig. 7.30. A summary of the total collective bone-marrow 
dose up to a distance of 7.5 ka from Carnsore Point, the 
number of persons subjected to exposure of more than 1 
Sv, their collective dose, and the resulting calculated 
number of cases of early mortality assuming minimal 
treatment to those exposed. The calculation was made 
under the assumption that a PWR 1A release takes place in 
each of five directions. 
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Release 
direction 
22.5° 
337.5° 
360° 
No case of 
early 
Mortality 
82X 
91X 
82X 
1 case of 
early 
Mortality 
16X 
9X 
16X 
2 cases of 
early 
mortality 
2X 
2X 
Pig. 7.31. Probabilities of 0, 1 or 2 cases of 
early mortality. Calculations were Made assuming 
that a PWR 1A release takes place in each of the 
three directions, with Most people found inside 
a distance of less than 5.4 km from Carnsore Point. 
Figure 7.31 shows that the highest calculated probability of one 
or More cases of early Mortality is 18% for a PWR 1A release in 
the direction 22.5° or 360°. 
This is twice as Much as the 9% calculated for the 337.5° direc-
tion because in the sector segment from 1.5 to 2 km the popu-
lation numbers 16 persons in the 22.5° direction and 14 in the 
360° direction, compared with 4 in the 337.5° direction. Pigure 
7.6 shows that the range for the 2 Sv level is from 0.9 to 2.6 
km, and the maximum width is at a distance of 2.0 km. 
7.5.1.2. Other release categories. Pigure 7.20 shows that the 
only release categories giving doses greater than 1 Sv are PWR 
1A, PWR 3 and PWR 4. Similar calculations were carried out as-
suming release categories PWR 3 and 4 and release directions 
337.5° and 360°: the results are shown in Pig. 7.32. 
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Release 
category 
PWR 1A 
PWR 1A 
PWR 3 
PWR 3 
PWR 4 
PWR 4 
Release 
direction 
337.5° 
360° 
337.5° 
360° 
337.5° 
360° 
Distance 
considered 
7.5 km 
7.5 km 
2 km 
2 km 
1 km 
1 km 
Total 
number 
of per-
sons 
437 
438 
18 
29 
7 
7 
Total 
collective 
dose 
nanSv 
220.0 
226.4 
21.6 
20.1 
4.2 
3.0 
Calculated 
cases of 
early 
mortality 
0.1 
0.2 
0.4 
0.4 
-
-
Pig« 7.32. A summary of the total number of indi-
viduals and their collective bone-marrow dose up 
to a distance from the release point of 7.5 
PWR 1Ar 2 km for PWR 3 and 1 km for PWR 4, 
resulting calculated cases of early mortality as-
suming minimal treatment to those exposed. Calcu-
lations were made assuming that the plumes in the 
three hypothetical release categories travelled 
in the release direction 337.5° or 360°. 
Figure 7.20 shows that the ranges from the release point for the 
1 Sv level are 5.4, 1.9 and 0.8 km for the three release cate-
gories PWR 1A, PWR 3, and PWR 4; thus calculations can be limited 
to the sector segment including these distances. The figure also 
shows that the PWR 3 release is the only one giving doses above 
2 Sv. The result of the high PWR 3 dose level is seen in Pig. 
7.32. This release gives the highest calculated number of cases 
of early mortality: 0.4. 
0.4 cases of early mortality imply: 
67% probability of no cases of early mortality 
27% - - 1 case -
5% 2 cases -
1% - - 3 cases -
km for 
and the 
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The probability of occurrence of a PWR 3 release is 4 x 10~6 
per reactor year (Fig. 7.1). The probability of occurrence of 
the atmospheric condition under consideration (Pasquill D, u 
= 6 m/s, vq = 10~2 m/s, no rain) in the 337.5° or 360° di-
rection can be found from Fig. 3.8 to be 0.08 per year. 
The probability of a PWR 3 release in the 337.5° or 360° direc-
tion under these meteorological conditions is hence of the order 
of 
4 x 10"6 x 8 x 10-2 = 3.2 x 10~7 per reactor year. 
The above calculations take no account of evacuation. The total 
population living at a distance of less than 2 km from Carnsore 
Point numbers 82 people and there is 2 hours warning time for a 
PWR 3 release. Two hours is ample time to evacuate the whole of 
this population. If evacuation is successful the probability of 
no cases of early mortality increases from 67% to 100%. 
7.5.2. Late somatic effects 
Recently three large international evaluation groups have pub-
lished their findings on the late somatic (development of can-
cers) and genetic effects of ionizing radiation. 
The estimates of cancer mortality risk per 104 Sv are given by 
these groups as follows: BEIR (1972): 180, BEIR (1980): 130, 
ICRP (1977): 100, and UNSCBAR (1977): 120. 
These estimates are, however, based on models that certainly lead 
to overestimat ion of the cancer risk. The models are suitable for 
establishing a likely upper limit to the risk, and therefore for 
establishing so-called "acceptable" or "safe" dose limits i.e. 
limits assuring that the risk from radiation for the individual 
is no greater than the risks associated with other activities 
having good safety records. 
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Gjørup has pointed out that the real risk could be much less than 
the risk assumed by the setting of "safe" dose limits (Gjørup, 
1980). The interval of uncertainty covers some decades and for 
small doses and dose rates the possibility that the risk is zero 
cannot be excluded. For doses less than 1 Sv and dose rates less 
than 10~3 Sv/min, it seems reasonable to estimate the cancer risk 
to be between 2 and 200 late cancer deaths per 104 Sv. As the 
most probable median value, it seems reasonable to use the logar-
ithmic mean value of 20 cases. The uncertainty could be set at a 
factor of ten in both directions. 
WASH-1400 uses three different values for expected latent cancer 
deaths per 104 Sv: 135 for total dose more than 0.25 Sv, 54 for 
between 0.10 and 0.25 Sv, and 27 for less than 0.10 Sv. 
Two risk values are used in the calculation of late somatic ef-
fects in the ten release categories investigated here. 
A: A risk of 125 per 104 Sv (1 case per 80 Sv) as an average of 
Lhe two values given by BEIR 1980 and UNSCEAR. 
B: A risk of 20 per 10* Sv (1 case per 500 Sv) as proposed by 
Gjørup for dose levels less than 1 Sv and dose rates less than 
10"3 Sv/min. For higher levels, the value in A is used: 125 
per 104 Sv. 
As described in section 5.3.5, the 50-year committed whole-body 
dose is used for the assessment of late somatic effects. The 
whole-body dose is calculated as the external gamma dose from 
the cloud plus the external gamma dose from deposited activity 
integrated over 8 hours, plus the 50-year committed whole-body 
dose equivalent from inhalation of activity during cloud passage. 
For the atmospheric conditions Pasquill O, u • 6 m/s, va = 10"^ 
m/s, no rain, it is assumed that a reactor accident takes place 
resulting in one of the ten release categories, and that the 
plume passes along one of the selected release directions over 
land. 
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Pigure 7.33 shows the collective doses calculated for the release 
categories considered in the given release directions. In the 
calculation the collective dose contribution is split into four 
distance intervals, thus giving the possibility of calculating 
the number of latent fatalities within each interval as well as 
the total number of cases up to a distance of 30 km. Assumed risk 
factor: A = 125 per 10* Sv. 
The PWR 1A release gives rise to the highest latent cancer fatal-
ity figure of 99.8 in the 337.5° direction with the highest con-
tribution of 76.0 in the 10-20 km interval. Obviously the PWR 1.\ 
release is the most serious. Assuming risk value A the severity 
ranking is: 
PWR 
BWR 
PWR 
BWR 
PWR 
PWR 
BWR 
PWR 
PWR 
PWR 
1A 
1 
2 
2 
3 
IB 
3 
4 
5 
6 
9 9 . 8 
6 4 . 7 
55 .9 
4 8 . 4 
2 5 . 0 
1 8 . 3 
10 .4 
7 .7 
2 .4 
0.1 
Latent cancer fatalities are random phenomena whose probability 
of occurrence for an individual is a function of the dose re-
ceived. There is no direct relationship between being subjected 
to irradiation and incurring cancer many years later. As no cli-
nical distinction can be made between a cancer induced by radia-
tion and one that occurs spontaneously, the late somatic effects 
originating from a major release of radioactive material would 
manifest themselve-t as an increase in the normal incidence of 
cancer for the population exposed. 
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Distance intervals 
Release 
category 
PWR 1A 
PWR 1B 
PWR 2 
PWR 3 
»WR 4 
PWR 5 
PWR 6 
3WR 1 
3WR 2 
3WR 3 
Release 
direction 
22.50 
270° 
290.5° 
315° 
337.5° 
360° 
337.5° 
0-5 5-10 10-20 20-30 Total 
0-30 
Collective whole-body doses, man Sv. 
Corresponding latent cancer fatalities. 
124 
1.6 
1.1 
0.01 
7« 
1.0 
65 
0.8 
415 
5.2 
434 
5.4 
3.6 
0.05 
46 
0.6 
231 
2.9 
8? 
1.1 
28 
0.4 
1.8 
0.02 
51 
0.6 
— 3 * 0 5 — 
3.8 
54 
0.7 
111 
1.4 
0.1 
0 
154 
1.9 
277 
3.5 
403 
5.0 
500 
7.5 
6.8 
0.09 
116 
1.5 
132 
1.7 
46 
0.6 
15 
0.2 
1.1 
0.01 
135 
1.7 
293 
3.5 
56 
0.7 
0 
0 
379 
4.7 
711 
8.9 
479 
6.0 
6080 
76.0 
49 
0.6 
1177 
14.7 
3613 
45.2 
1382 
17.3 
403 
5.0 
122 
1.5 
6.9 
0.09 
4191 
52.4 
2749 
34.4 
59é 
7.5 
0 
0 
30 
0.4 
302 
3.8 
355 
4.4 
1086 
13.6 
158 
2.0 
282 
3.5 
687 
8.6 
255 
3.2 
77 
1.0 
24 
0.3 
1.5 
0.02 
798 
10.0 
534 
6.7 
117 
1.5 
235 
3.0 
410 " 
5.1 
1243 
15.6 
1177 
14.7 
7985 
99.8 
1241 
15.5 
1469 
18.3 
4462 
55.9 
2000 
25.0 
613 
7.7 
189 
2.4 
11.3 
0.1 
5175 
64.7 
3871 
48.4 
827 
10.4 
Pig. 7.33. Collective whole-body doses and calculated 
corresponding latent cancer fatalities for the release 
categories considered in the different release direc-
tions. Assumed atmospheric conditions: Pasquill D, u = 
6 m/sf v_ = 10 in/s, 1_ = 0 (no rain). Assumed risk 
value A » 125 per 104 Sv. 
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Assuming a release direction of 337.5° towards Wexford, Pig. 7.34 
shows the total number of persons exposed (see Pig. 7.32) for 
each of the hypothetical release categories considered in this 
section. The corresponding total collective whole-body dose and 
the calculated maximum number of latent cancer fatalities as-
suming risk value A (see Fig. 7.33) are also shown. The corre-
sponding maximum death rats per 1000 persons ranges from 4.5 in 
the case of release category PWR 1A to 0.04 in the PWR 6 case. 
Release 
category 
PWR 1A 
PWR 1B 
PWR 2 
PWR 3 
PWR 4 
PWR 5 
PWR 6 
BWR 1 
BWR 2 
BWR 3 
Total 
number 
of per-
sons 
exposed 
22000 
21750 
22100 
24200 
25500 
25800 
26800 
21100 
26000 
25500 
Total 
collec-
tive 
whole-
-body 
dose 
(manSv) 
7984 
1469 
4463 
2000 
613 
189 
11.3 
5175 
3871 
827 
Calcu-
lated 
number 
of latent 
cancer 
fatalities 
99.8 
18.3 
55.9 
25.0 
7.7 
2.4 
0.1 
64.7 
48.4 
10.4 
Rate 
per 
1000 
persons 
4.5 
0.84 
2.53 
1.04 
0.3 
0.09 
0.04 
3.07 
1.86 
0.41 
"Normal" cancers 
Wexford town 
(1975) 
78.6 
Wexford county 
(1975) 
51.0 
Irish republic 
(1975) 59.0 
Pig. 7.34. Calculated number of latent cancer fatalities assuming 
that the plumes in the different hypothetical release categories 
all travel in the same release direction, 337.5°, towards Wex-
ford. Three examples of the natural cancer death rate over 30 
years are shown for comparison. 
As mentioned earlier, the increase in the cancer death rate re-
sulting from exposure in the case of an accidental release of ac-
tivity would manifest itself over a span of maybe 30 years. 
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For comparison, it must be pointed out that in a population as 
considered here the "normal" incidence of cancer must be ex-
pected to be of the order of 1500-1800 fatalities over 30 years. 
Figure 7.34 shows the "normal" cancer death rate per 1000 per-
sons over 30 years of age for Wexford town, Wexford county and 
the Irish Republic based on figures for the year 1975 (Report 
of vital Statistics, 1975). 
Release 
category 
in 
direction 
337.50 
PWR 1A 
PWR IB 
PWR 2 
PWR 3 
PWR 4 
PWR 5 
PWR 6 
BWR 1 
BWR 2 
BWR 3 
Risk value B 
Levels above 1 Sv 
and 1 E-3 Sv/min 
Collec-
tive 
dose 
manSv 
7984 
1469 
4463 
230 
87 
3 
none 
5175 
305 
none 
Number 
of 
latent 
cancer 
fatal-
ities 
100 
18.3 
56 
2.9 
1.1 
0.03 
none 
64.7 
3.8 
none 
Levels below 1 Sv 
and 1 E-3 Sv/min 
Collec-
tive 
dose 
manSv 
-
— 
-
1770 
525 
186 
11 
-
3566 
827 
Number 
of 
latent 
cancer 
fatal-
ities 
-
-
3.6 
1.1 
0.4 
0.02 
-
7.1 
1.7 
Total 
number 
of 
latent 
cancer 
fatal-
ities 
100 
18.3 
56 
6.5 
2.2 
0.4 
0.02 
64.7 
10.9 
1.7 
Risk value A 
Total num-
ber of 
latent 
cancer 
fatal-
ities 
(from 
Fig. 7.33) 
99.8 
18.3 
55.9 
25.0 
7.7 
2.4 
0.1 
64.7 
48.4 
10 4 
Fig. 7.35. Coll3Ctive whole-body doses and calculated 
maximum figures for latent cancer fatalities assuming 
releases in the 337.5° direction. For risk value B, the 
numbers are given for levels above 1 Sv and 1 E-3 Sv/min 
and levels equal to these or below them. The figures for 
risk value A are shown for comparison (Fig. 7.33). 
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Application of risk value B is complicated by the two limita-
tions: 
1. The doses must be below 1 Sv, and 
2. The dose rate level must be less than 1 E-3 Sv/min. 
li;e collective doses at the required dose levels are easily given 
by means of the computer calculations. The limitation on dose 
rate is judged by means of the individual gamma plume doses cal-
culated for each release category for the centre-line of the re-
lease (the curves marked B: gamma plume in Pigs. 7.4 and 7.7-7.15) 
in connection with the duration of the releases (Pig. 4.2). This 
use of the centre-line doses adds, however, to the pessimism in 
the calculation of the number of latent cancer fatalities as-
suming risk value B. The doses, and hence the dose rates, fall 
drastically with increasing distance from the plume centre-line. 
Figure 7.35 shows the results of the calculations for the 337.5° 
release direction (towards Wexford). Por the ten release cate-
gories considered, the number of latent cancer fatalities found 
for risk value A is repeated from Pig. 7.33 in the last column. 
For PWR 1A, PWR IB, PWR 2 and BWR 1, the calculations are limited 
to risk value A as the releases are of short duration and hence 
the dose rates are greater than 1 E-3 Sv/min. No individual doses 
are above 1 Sv in the PWR 6 and BWR 3 release categories. 
The probability that a particular release category will lead to 
a release in the 337.5° direction towards Wexford can be indicated 
by multiplying the meteorological probability of the weather in 
question occurring in this direction by the probability of occur-
rence of the release in question. 
Pigure 7.36 gives these probabilities for the release categories 
considered in this section. 
With reference to the remarks in section 4 on recent experience, 
it should be pointed out that the probability of the release 
categories including a steam explosion in the reactor vessel that 
might cause containment failure (PWR 1A, PWR IB and BWR 1) may 
now be considered to be reduced by two orders of magnitude. 
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Release 
category 
PWR 1A 
PWR IB 
PWR 2 
PWR 3 
PWR 4 
PWR 5 
PWR 6 
PWR 9 
BWR 1 
BWR 2 
BWR 3 
BWR 5 
Probability 
per reactor year 
1.6 x 10-8 
2.0 x 10-8 
3.2 x 10-7 
1.6 x 10-7 
2.0 x 10-8 
2.8 x 10-8 
2.4 x 10~7 
1.6 x 10-5 
4.0 x 10-8 
2.4 x 10"7 
8.0 x 10-7 
4.0 x 10-6 
Fig. 7.36. Probabilities of the atmospheric conditions 
under consideration (stability D, wind speed 6 m/s, vg 
= 0.01 m/s, no rain) being in the direction of Wexford 
(0.04 per year) coincident with the probabilities of 
occurrence per reactor year of the release categories 
concerned, taken from WASH-1400 (cf. Pig. 4.1 or Fig. 
7.1). 
Moreover, melt-through of the concrete base mat is unlikely, 
and this excludes PWR 6. 
Core-melt cases with delayed containment failure are also con-
sidered to have much smaller consequences because of the reduc-
tion by two to three orders of magnitude of the concentration 
of radioactive material in the containment. PWR 2, PWR 3 and 
BWR 2 are the relevant release categories here. 
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Hence the most serious release category which, with reason, 
should be taken into account is probably PWR 4 considering that 
categories 1,2 and 3 are likely to have a much lower probability 
of occurrence than earlier assumed (WASH-1400). 
The probability of a PWR 4 release occurring in the direction of 
Wexford is 0.04 x 5 E-7 = 2 E-8 per reactor year. 
7.5.3. Early somatic effects of doses to specific organs 
A few organs are specifically sensitive to the dose originating 
from the inhalation of certain radioactive elements. Inhaled 
radioactive materials are generally deposited in the lungs, and 
after their removal from here they pass through the gastro-in-
testinal tract. Some isotopes are deposited in specific ways, 
i.e. iodine isotopes in the thyroid gland. 
For the PWR 1A, PWR 2, PWR 6 and BWR 2 release categories calcu-
lations were made of plume centre-line organ doses to the lungs, 
gastro-intestinal tract and thyroid gland. The detailed calcu-
lation is described in section 5.3.5. 
The centre-line organ doses as a function of distance are shown 
in Pigs. 7.16 - 7.19 for the four release categories together 
with bone-marrow and whole-body doses. 
7.5.3.1. Doses to the lungs. The probability of mortality re-
sulting from a lung dose is always substantially lower than 
that from the associated bone-marrow dose. 
The same dose-response curve as appears in WASH 1400 is used here 
(the criterion curve in Pig. VI 9-3) showing probabilities of 
mortality within 365 days of 
40 Gy - 0.01 
50 Gy - 0.02. 
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Pigure 7.16 shows that, for the PWR IA release category, a lung-
-dose level between 40 and 50 Gy occurs in the distance ranee 
1.5 to 3 km. A level above 30 Gy occurs out to a distance of 
4 km. 
Assuming a release in the 337.5° direction, about 5 people would 
be exposed to doses of between 40 and 50 Gy. This means an ex-
pected 5 x 0.02 • 0.1 cases of early mortality. 
In the dose range between 30 and 40 Gy, the number of people ex-
posed is estimated to be about 50. Applying the 40 Gy risk of 
0.01, this leads to 50 x 0.01 =0.5 cases of early mortality. 
Figures 7.17 - 7.19 show that, in each of the other release 
categories, the highest lung dose occurs in the BWR 2 release 
of approx. 10 Gy that leads to no acute cases of mortality. 
7.5.3.2. Doses to the gastro-intestinal tract. Applying the 
criterion used in WASH-1400 (Pig. VI 9-4) with a zero risk 
threshold at 20 Gy, Figs. 7.16 - 7.19 show that there will be 
no cases of mortality resulting from irradiation of the gastro-
intestinal tract. 
7.5.3.3. Doses to the thyroid. In WASH-1400, App. VI, it is in-
dicated that acute thyroid effects are not found below 250 Gy 
and furthermore, that "anyone who receives less than a lethal 
dose to the bone marrow would receive less than 250 Gy to the 
thyroid". 
Figures 7.16 - 7.19 show that the maximum thyroid doses are 100 
Gy for the PWR 1A release, and 70 Gy for the BWR 2. No acute 
thyroid effects are therefore to be expected in any of the re-
lease categories under consideration. 
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7.5.3.4. Genetic effects. There seems reasonable agreement be-
tween the latest reports on the genetic risks of radiation. The 
same international committees that considered cancer risks also 
evaluated genetic risks. 
In ICRP publication 27 the harm to man attributable to the gene-
tic effects of radiation is stated to be 10~2 Sv-1 of serious 
genetic ill-health during the first two generations. Equal harm 
is expected in all following generations. It is considered as the 
harm to a population of fertile individuals irradiated prior to 
conception of their offspring. This fraction of the total popu-
lation is considered generally to be 0.4, implying a genetic risk 
value of 4 x 10~3 Sv~1 (to the first two generations), where the 
dose is understood as a collective whole-body dose. 
Very generally expressed, the number of cases of genetic harm in 
the first two generations after a reactor accident could be said 
to be approximately one-third the number of latent cancer fatali-
ties shown in Fig. 7.35. 
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8. PARAMETER STUDY 
8.1. Introduction 
Many parameters are of importance in a description of the dose 
pattern resulting from accidental releases of large amounts of 
radioactive material to the atmosphere. 
In the preceding Chapters 6 and 7 the design-basis accidents and 
hypothetical release categories were investigated under fixed 
atmospheric conditions and demographic patterns: here the in-
fluence on dose pattern of varying a number of different para-
meters is discussed. These can be divided into three groups of a 
meteorological, demographical or plant-related nature. 
Regarding atmospheric conditions, the influence on the dose pat-
tern of the following parameters is described: stability categ-
ory, wind speed, dry deposition velocity, and wet deposition 
velocity. 
A search was made to find the worst possible weather conditions 
for the ten hypothetical release categories considered in Chapter 
7. 
The choices of length of exposure time and the assumed evacula-
tion patterns are related to population distribution. Hence the 
exposure time is varied; furthermore the influence on dose ef-
fects of an assumed evacuation speed was investigated. 
A plant-related parameter is the release fraction of the core in-
ventory. Recent information indicates a large degree of conser-
vatism in the WASH-1400 release fractions, especially for iodines 
and aerosols. A parameter variation of the release fraction is 
described. 
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Finally, the dose pattern in what could be called a "reasonable 
class 9 accident" is described, i.e. accident conditions for a 
hypothetical release category with release fractions established 
in the light of information from the latest experience and 
studies in reactor safety. 
Except for the release category variation and the final class 9 
accident discussion, the parameter investigation htre described 
was made for release category PWR 2 only. This category was 
chosen because it is one of the severe WASH-1400 release cate-
gories that have a higher probability of occurrence, i.e. 8 x 
10~6 per reactor year; moreover large fraction of the core inven-
tory is released. 
It might be argued that the BWR 2 release has a higher probabili-
ty of occurrence (6 x 10~6 per reactor year) and release fractions 
of similar size, and thus would be the correct choice. The PWR 2 
release, however, takes place only 2.5 hours after shut-down, 
while 30 hours elapse before the BWR 2 release occurs, giving 
time for the decay of the short-lived part of the core inventory. 
8.2. Atmospheric parameters 
8.2.1. Stability category 
For the PWR 2 release category, the centre-line bone-marrow doses 
for an exposure time of 8 hours were calculated for the six 
Pasquill stability classes A-P. A dry deposition velocity of Vg * 
10~2 m/s and no rain were used. 
Use was made of the most common wind speed in each stability 
category (as described in Section 3.4.2). Figure 8.1 shows the 
wind speed, the final effective dispersion height, H, and the 
vertical dispersion parameter, oz, for each stability category 
at 1 km downwind. 
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Stability category 
Wind speed m/s 
H <m) 
a2 (m) 
A 
1.5 
725 
400 
B 
3.4 
320 
105 
C 
3.1 
350 
55 
D 
7 
150 
30 
E 
3,8 
175 
20 
F 
1.8 
170 
15 
Fig. 8.1. Corresponding values of Pasquill stability 
categories, final effective dispersion heights, H, 
and the vertical dispersion parameter, o2, at a 
distance of 1 km from the release point for the PWR 2 
release category. 
The curves in Fig. 8.2 show that a stability category F situation 
leads to the nighest doses. Compared to stability D, no rain, the 
F situation results in doses that are 2-3 times higher with a 
minimum difference from 7 to 10 km. 
The rather hot release reaches the final dispersion height shown 
in Fig. 8.1 about one km downwind. The vertical dispersion para-
meter az varies considerably with stability category. 
No detailed description of the variation of the dose picture with 
stability category is given here. 
It must be remembered that the centre-line bone-marrow-dose 
curves are sums of the components: inhalation, gamma plume and 
gamma deposition. 
From Fig. 3.8 the probability of Pasquill stability category F, 
u * 1.8 m/s and no rain, in a 337.5° direction, i.e. towards 
Wexford, is found to be 8.6 E-4 per year (~ 0.3 day per year). 
Therefore the total probabilities for this accident are 8 E-6 x 
8.6 E-4, giving 6.9 E-9 per reactor year. 
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Fig. 8.2. Bone-marrow centre-line doses for the 
PWR 2 release in six different stability cate-
gories. 
8.2.2. Wind speed 
The influence of wind speed on the centre-line bone-marrow dose 
in the PWR 2 release was calculated for two Pasquill stability 
categories, D and F. In both cases no rain was assumed. In the 
Pasquill D situation with a dry deposition velocity of v = 10-^ 
m/s, doses were calculated for four wind speeds: 6, 8, 10 and 12 
m/s. Figure 8.3 shows corresponding values of the four wind 
speeds and the final effective dispersion height, H. 
In accordance with formula (2) in Section 5.3.1.1, the concen-
tration in the plume is inversely proportional to wind speed. 
As a result the highest wind speed is expected to entail the 
lowest doses, and this is the case at downwind distances greater 
than 10 km. Pigure 7.8, which shows the components of the bone-
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Wind speed u, m/s 
Dispersion height H, in 
6 
181 
8 
135 
10 
108 
12 
91 
Fig. 8.3. Corresponding values of wind speed and final 
effective dispersion height, H, for Pasquill stability 
category D. 
1E2 
IEI 
1E8 
1E-I 
PWR2, Wind speed 
1E-2 
-
-
Æ
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^ ^ f c v / A 
3l 
c p^  
D 
1 
S t o o l I i t y D 
vg : 1E-2 m/s 
lg : B 
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Curvt« 
A 
B 
C 
D 
u - 6 
u - 8 
u- 13 
u - 12 
ffl/ø 
m/s 
m/e 
m/s 
t.s 6 I« 
Diakone« Ckm3 
Fig. 8.4. Centre-line bone-marrow doses as function 
of distance in the PWR 2 release category shown for 
four wind speeds in Pasquill stability category D. 
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-marrow dose and whose sum curve, marked D, is identical with 
curve A on Fig. 8.4, shows that the dominating component is 
gamma plume, and that the concentration-dependant component, in-
halation (Pig. 7.8, marked A), first makes its full but small 
(compared to the gamma plume) contribution at a downwind distance 
of 5-10 km, in the same range where the curve shifts occur (Fig. 
8.4). The dominating component, gamma plume, is more influenced 
by the final effectiv; dispersion height, H, which is halved from 
181 m for u = 6 m/s to 91 m for u * 12 m/s. The distance to the 
plume from the ground and the attenuation in the mass of the at-
mosphere are dominant factors too. 
Figure 8.4 shows that the choice of u = 6 m/s used in Chapter 7 
gives doses that are lower by an order of 10-30% inside downwind 
distances up to 10 km than those given by the average wind speed 
of 7 m/s. At larger distances, u = 6 m/s gives slightly higher 
doses. However, this only applies to the PWR 2 release category. 
For the Pasquill stability category F situation, the dry depo-
sition velocity v_ = 2 x 10--* m/s was chosen in accordance with 
Section 3.4.2. The centre-line bone-marrow doses were calculated 
for wind speeds of 1, 2 and 5 m/s. 
Wind speed, u, m/s 
Dispersion height, H, m 
1 
205 
2 
163 
5 
120 
Fig. 8.5. Corresponding values of wind speed and 
final effective dispersion height* H, for Pasquill 
stability category F. 
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Fig. 8.6. Centre-line bone-marrow dose* as function 
of distance in the PWR 2 release category for 
three wind speeds in Pasquill stability category P. 
With the higher and more uniform final dispersion heights, doses 
are lowest for the highest wind speed. The sudden drop in curve 
A is caused by the low wind speed of 1 m/s (= 3.6 km/h), as the 
exposure time (8 hours) ends d before the plume reaches 25 km. 
The warning time of one hour (see Pig. 4.3) expires before the 
release takes place, thus leaving 7 hours for dispersion (7 h x 
3.6 km/h = 25.2 km). 
8.2.3. Pry deposition velocity 
The variation in centre-line bone-marrow dose with different 
values of vg, as suggested in Seccion 3.4.3, is shown in Fig. 8.9. 
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Fig. 8.7. Centre-line bone-marrow doses as a 
function of distance in the PWR 2 release 
category. Curves are shown for four different 
values of the dry deposition velocity vg. 
Little variation is found and the choice of v„ 10~2 m/s used 
in Chapters 6 and 7 seems to give pessimistic dose values. As 
can be seen in Pig. 7.8, the deposition component contributes 
to the dose after about 2 km, reaching its maximum between 5 
and 10 km. 
8.2.4. Wet deposition 
As described in detail in Chapter 3, precipitation gives rise to 
the removal of material from a plume and to the deposition of 
this on the ground. A wash-out coefficient or wet deposition rate 
lg is defined. It might be construed as the proportion of the 
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aaount of material reaoved in unit of tiae. Pigure 8.8 shows the 
corresponding values of rain intensity and wet deposition rate 
la, cf. Section 3.4.1. 
Rain intensities 
mnt/h 
1 s" 1 
g 
0.06 
E-5 
0.1 
1.3E-5 
0.5 
3E-5 
1 
4E-5 
3 
E-4 
10 
2E-4 
100 
E-3 
Fig. 8.8. Rain intensities in nm/h and the corresponding wet 
deposition rates. 
Figures 3.7 to 3.11 in Chapter 3 shows that the probabilities of 
the occurrence of rain are those seen in P*g. 8.9. 
All data 
No rain 
0.1-1 mm/h 
1 - 5 
5 - 10 -
All sectors 
X 
100 
87.3 
9.1 
3.5 
0.1 
Sector 337. 5 (incl. 
X 
6.6 
5.06 
0.96 
0.51 
0.01 
Wexford) 
Pig. 8.9. Probabilities of the occurence of rain of cer-
tain intensities in all sectors and in the 337.5° sector 
including Wexford. 0.01% corresponds to 0.86 hours per 
year. 
Information on rain of greater intensity than 10 mm/h is given in 
Section 3.3.3: incidents of extreme rainfall. 
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Pigures 3.9 - 3.11 show that nearly all rain occurs exclusively 
in Pasquill stability category D. 
The wet deposition parameter investigation was therefore carried 
out for: 
Pasquill stability category D 
0 s~ - no rain 
3E-5s~1 ~ 0.5 mm/h 
E-4 s ~ 3 mm/h 
3E-4s"1 - 15-20 mm/h 
As the choice of wind speed has great influence on the resulting 
doses in the case of precipitation, the above values of lg were 
calculated for the three wind speeds u = 6 m/sr 8 m/s and 10 m/s. 
Figures 8.10, 8.11 and 8.12 show the centre-line bone-marrow 
doses as a function of downwind distances in the PWR 2 release 
category for the three wind speeds. 
The curves for no rain, marked A, in the three figures are ident-
ical with the three corresponding curves in Fig. 8.4 (A, B and C); 
the curve marked A in Fig. 8.10 is identical with the curve 
marked D in Fig. 7.8. 
The marked growth in bone marrow doses with increasing rain in-
tensity, especially at shorter downwind distances, is a conse-
quence of the resulting increase in activity deposited on the 
ground: the more rain, the greater is the dominance of the gamma 
deposition component. Up to a distance of about 10-20 km, the B, 
C aid D curves in Figs. 8.10, 8.11 and 8.12 result almost exclu-
sively from the gamma deposition component. 
In order to evaluate the influence of rain, a detailed calcula-
tion of the worst case was carried out: the D curve in Fig. 8.10 
represents Pasquill stability category D, u = 6 m/s, vg * 10 
m/s, 1 • 3 x 10"* s~1, corresponding to very heavy rain of 15 -
20 mm per hour. It is further assumed that the rain persists un-
til the plume reaches the limit of the area considered, i.e. 30 
2g ' 
PWR2, We t deposItI on. PWR2, Wet deposition PWR2, Uet deposition. 
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Figs. 8.10 to 8.12. The influence of wind speed, u, on the centre-line bone-marrow doses 
calculated for four different values of the wet deposition coefficient, lg. Release 
category PWR 2, stability D, vq = 1E-2 m/s, and the four 1 values in s~': 0 (curves A), 
3E-5 (curves B), 1E-4 (curves C, and 3E-4 (curves D). 
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km. With u = 6 m/s = 21.6 kra/h, rain is calculated to persist 
for 30/21.6 =1.4 hours. 
The probability of this taking place when a wind is blowing to-
wards Wexford (Pig. 3.11) is well below 0.01% per year. As-
suming a PWR 2 probability per reactor year (Fig, 7.1 or 4.1) 
of 8 E-6 leads to a probability for such an extreme situation 
of less than 
0.01% x 8E-6 = 8E-10 per reactor year 
or less than once per 1,250,000,000 reactor years. 
For this worst situation Fig. 8.13, gives the ranges in km of 
nine dcse levels for centre-line bone-marrow doses (30 days) and 
whole-body doses (50 years). 
Dose Sv 
l e v e l (rem) 
Bone marrow 
(30 days) 
Whole body 
(50 days) 
0 .5 
(50) 
1 
(100) 
2 
(200) 
3 
(300) 
4 
(400) 
5 
(500) 
6 
(600) 
7 
(700) 
8 
(800) 
Range from the r e l e a s e p o i n t in km 
12 
14.3 
7 . 4 
9 . 2 
4 
4 .6 
2 .7 
2 . 8 
2.1 
2.1 
1.6 
1.6 
1.34 
n.a 
1.1 
n.a 
1.0 
n.a 
Fig. 8.13. Ranges in kin of centre-line bone-marrow doses and 
whole-body doses in the PWR 2 release category for the worst 
atmospheric situation found: Pasquill D, u * 6 m/s, vq = 10 
m/s, 1. - 3E-4 s ' (n.a. = not applicable). 
Figure 8.14 shows the distribution of people and their allocated 
collective bone-marrow doses in three distance intervals. Early 
mortalities by are calculated applying the WASH-1400 relations 
between bone-marrow dose and early mortality for minimal and 
supportive treatment (both shown in Fig. 7.29). 
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Distance 
interval 
[km] 
0.5 - 1.0 
1.0 - 5.0 
5.0 - 7.5 
Sum 
Number of 
individuals 
7 
218 
212 
437 
Total dose 
[man SvJ 
21 
213 
109 
343 
Cases with 
minimal 
treatment 
2.3 
7.2 
9.5 
Cases with 
supportive 
treatment 
1.8 
2.0 
3.8 
Fig. 8.14. Distribution of number of individuals and 
their allocated, collective bone-marrow dose in the 
PWR 2 release category in the extreme atmospheric 
condition: Pasquill D, u « 6 m/sr v_ = 10 m/s and 
_ i " 
1 = 3 E-4 s , and a calculation of early mortalities 
assuming minimal and supportive treatment respectively. 
The results indicate that about 10 early mortalities could be 
expected following upon minimal treatment and about 4 after 
supportive treatment. To get an idea of the possible variation 
in early mortality, the number of cases is assumed to follow a 
Poisson distribution. This gives the probabilities shown in 
Fig. 8.15. 
Treatment 
Minimal 
Supportive 
Number of cases of early raortality 
0 - 5 
9X 
82X 
6 .- 10 
56X 
18X 
11 - 15 
32X 
16 - 20 
3X 
Fig. 8.15. Probabilities of early mortalities in four in-
tervals assuming minimal and supportive treatment respect-
ively. Calculations were made assuming that a PWR 2 release 
takes place in a direction of 337.5° with very heavy rain, 
15 - 20 mm per hour. 
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Figure 8.16 shows a calculation for this release situation of 
latent cancer fatalities similar to the presentation in Fig. 
7.34. 
Collective dose in manSv 
Number of persons exposed 
.Number 
of 
latent 
cancer 
fatalities 
Risk value A 
for the whole 
dose range 
125 cases per 
10* Sv 
Risk value B 
>1 Sv 125 cases 
per 10* Sv 
<1 Sv 20 cases 
per 10*Sv. 
Above 1 Sv 
315 
180 
Below 1 Sv 
4050 
221 
A total of 50.6 
3.7 
A total 
8.1 
of 11.8 
Fig. 8.16. Collective whole-body doses and number of 
individuals receiving doses in the release situation 
PWR 2, Pasquill D, u = 6 m/s, vg - 10 m/s, lg = 3 E-4 
s_1. The expected number of latent cancer fatalities is 
calculated for the two risk values A and B applied in 
7.5.2. 
8.3. Exposure time 
In a release situation the exposure time (see Fig. 4.3) at a 
distance downwind is decisive for the size of the deposition 
dose. 
The influence on the centre-line bone-marrow dose is illus-
trated in two PWR 2 release situations with different depo-
sition circumstances. 
Figure 8.17 shows the centre-line doses for four different ex-
posure times, 2, 4, 8 and 24 hours, for Pasquill D, u = 6 m/s, 
vg » 10-2 m/s and no rain. Figure 8.18 shows the same informa-
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tion for a similar situation but with rain: 1_ = 3 E-5 s , cor-
responding to about 1 mm/hour. 
A warning time of one hour before the start of the release im-
plies that, when T = 2 h, the plume has only one hour in which 
to travel at a speed of 6 m/sec, corresponding to 21.6 km/h. 
Comparing Figs. 8.17 and 7.8, it is obvious that gamma plume 
radiation dominates within a few km downwind in the situation 
without rain. Figure 8.18 shows that the deposition dose is sig-
nificant, and that the resultant bone-marrow dose is nearly pro-
portional to the exposure time. 
PWR2, Exposure time. 
S t a b i I i t y D 
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v g 'E—2 m/s 
I g : 0 
Ben« marrow d o t e . 
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A; T = 2 h o u r « . 
B= T * 4 h o u r « . 
C; T » 8 h o u r « . 
D- T - 2 4 h o u r * . 
'" * 8.5 I S IB 38 
P I • t o n e * Ckm} 
Fig. 8.17. Bone-marrow centre-line doses for various 
exposure times in the PWR 2 release, no rain. 
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Fig. 8.18. Bone-marrow centre-line doses for various 
exposure times in the PWR 2 release, with 
(1 mm/h). 
rain 
8.4. Evacuation pattern 
The effects of a proposed evacuation pattern for the resident 
population up to a distance of 30 km were investigated. The 
evacuation was assumed to take place in the following three-step 
pattern: 
1) 0-2 hours after warning time: 30% of the population are evacu-
ated at a constant speed, 
2) 2-4 hours: a further 401 are evacuated, 
3) 4-8 hours: the last 30% are evacuated. 
- 177 -
Of. essential importance are the lengths of warning time given in 
Fig. 4.2 for each release category, and the wind speed at and 
after the start of the release. 
Figure 4.2 shows three lengths of warning time: 1, 1.5 and 2 h. 
At various downwind distances the percentage of the resident 
population evacuated - and therefore not exposed to radiation -
was calculated for the same wind speed used in Chapter 7, i.e. 
u = 6 m/s (21.6 km/h). A corresponding reduction factor for 
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Fig. 8.19. Fraction of population evacuated before start of ex-
posure for three lengths of warning time for wind speed u = 6 
m/s = 21.6 km/h. Likewise a calculation is made for the 
fraction of the population that would be exposed on arrival of 
the cloud« 
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each distance interval is then found which lessens the popula-
tion, and hence the collective dose calculated for the distance 
interval considered. 
In the PWR 2 release (and PWR 1A + B, PWR 5 and PWR 6) it appears 
that 16.5% of the population are evacuated from inside a distance 
of 0-5 km before the arrival of the cloud and that 33.5% are eva-
cuated from inside a distance of 20-30 km without any exposure. 
category 
PWR 1A 
PWR 2 
BWR 2 
Distance 
[km] 
0 - 5 
5 - 1 0 
10 - 20 
20 - 30 
I 
0 - 5 
5 - 1 0 
10 - 20 
20 - 30 
I 
0 - 5 
5 - 1 0 
10 - 20 
20 - 30 
I 
Reduc-
tion 
factor 
0.835 
0.800 
0.745 
0.665 
0.835 
0.800 
0.745 
0.665 
0.675 
0.630 
0.560 
0.465 
Dose 
full 
416 
403 
6080 
1086 
7985 
46 
116 
3613 
687 
4462 
305 
283 
2749 
534 
3871 
[manSv] 
reduced 
347 
322 
4530 
722 
5921 
38 
93 
2692 
457 
3280 
206 
178 
1539 
248 
2171 
Latent cancer 
Risk value A 
full reduced 
5.2 
5.0 
76.0 
13.6 
.99.8 
0.6 
1.5 
45.2 
8.6 
55.9 
3.8 
3.5 
34.4 
6.7 
48.4 
4.3 
4.0 
56.6 
9.0 
73.9 
0.5 
1.2 
33.7 
5.7 
41.1 
2.6 
2.2 
19.2 
3.1 
27.1 
fatalit 
Risk ve 
full 
-
-
3.8 
0.6 
5.4 
1.1 
10.9 
:ies 
tlue B 
reduced 
-
-
2.6 
0.4 
3.1 
0.5 
6.6 
Pig. 8.20. Reduction in number of latent cancer fatalities 
obtained through implementation of the proposed three-step 
evacuation pattern over eight hours. The calculation is 
shown for three release categories in the 337.5° direction 
in Pasquill category D, u » 6 m/s, v_ • 10~2 m/s, no rain. 
The numbers for full dose and full latent cancer fatalities 
are repeated from Fig. 7.33. Use was made of the risk values 
A and B, as described in Section 7.5.2. 
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The influence of the reduction of the collective dose to the ex-
posed population and hence of the latent cancer fatalities, was 
calculated for three categories of release, all assumed to take 
place in the release direction 337.5° in category D weather with 
a wind speed of 6 m/s and no rain. Use was rade of the risk 
values A and B described in Section 7.5.2 of, respectively, 125 
and 20 latent cancer fatalities per 10* Sv. The results are shown 
in Pig. 8.20. It can be seen that a reduction of one quarter is 
obtained in the PWR 1A and PWR 2 releases and more than 40% in 
the BWR 2. 
8.5. Worst hypothetical release situations 
In the course of the study a search was made in order to find the 
worst situat ons disregarding their probability of occurrence. 
In each release category the highest doses were sought at four 
downwind distances: 1, 5, 15 and 30 km. 
In the PWR 3, BWR 2 and BWR 3 releases, two situations were found 
for each category. Figures 8.21, 8.22 and 8.23 show these cases. 
In Pig. 8.21 the worst situation is seen to be the same for PWR 
1A, PWR IB, PWR 2 and PWR 3: Pasquill stability category D, u = 6 
-2 -1 
m/s, vg = 10 m/s and lq = 3 E-4 s , the latter corresponding 
to a rain intensity of 15-20 mm/h. The probability of this weather 
situation occurring in any one direction is well below 0.01% per 
year. 
In Pig. 8.22 the worst situation for the PWR 3, PWR 4, PWR 5 and 
PWR 6 releases was found to be Pasquill stability category P, 
u « 2 m/s, vg = 2 E-3 m/s, no rain. Figure 3.8 shows that the 
probability of this situation occurring in, e.g., Sector 337.5°, 
is 
0.873 x 0.058 x 0.017 » 0 . 0 9 1 . 
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Figure 8.23 shows the worst situations found for the BWR 1, BWR 2 
and BWR 3 release categories. 
For all three release categories, the centre-line bone-marrow 
doses are shown for the extreme rain situation, Pasquill D, u = 6 
m/s, v = 10~2 m/s and lg = 3 E-4 s"1 (15-20 mm/h). For the BWR 2 
and BWR 3 releases doses are also shown in stability category F, 
v = 10~2 m/s and wind speed u = 5 m/s, no rain. 
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Fig. 8.21. Worst possible release situations for 
the categories PWR IA, PWR 1B, PWR 2 and PWR 3, 
Pasquill stability category D, u » 6 m/s, vg » 
10-2 m/s, lg « 3 E-4 s-1 (15-20 mm rain/h). 
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Fig. 8.22, Worst possible release situations 
for the categories PWR 3, PWR 4, PWR 5 and 
PWR 6, Pasquill stability category F, u • 2 
m/s, Vg = 2 E-3 m/s, no rain. 
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Fig. 8.23. Worst possible release situations for the 
categories BWR 1, BWR 2 and BWR 3. The three cate-
gories are all shown for Pasquill stability category 
D, u » 6 m/s, v_ * 10"2 m/s and lg = 3 E-4 s~1 (15-20 
mm rain/hour). BWR 2 and BWR 3 are further shown for 
Pasquill stability category ?, u * 5 «n/s. v_ 
m/s, no rain. 
10 -2 
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8.6. Release fraction variations 
Recent studies (e.g. Levenson 1980) indicate a certain conser-
vatism in the WASH-1400 release fractions. The most significant 
observation from the Three Nile accident in the USA in 1979 was 
the behaviour of iodines in the containment and the very small 
iodine release to the atmosphere. 
Lacking definite information from larger bodies/organisations 
at the time of writing, it was decided to perform a parameter 
calculation on the release fractions. The PWR 2 release categ-
ory was modified to give the following five releases. 
A. PWR 2 with a reduction to 10% of the iodine release 
B. The same as A with a further reduction to 10% of 
other aerosols 
C. PWR 2 with a reduction to 1% of the iodine release 
D. The same as C with a further reduction to 1% of 
other aerosols 
E. PWR 2 with release of noble gases only. 
The five modified PWR 2 releases are shown in "iqs. 8.24 -
8.28. 
All releases are calculated for Pasquill stability category 
D, u = 6 m/sr v_ - 10~2 m/sf no rain, and for an exposure time 
of 8 hours; the curves show the centre-line bone-marrow doses. 
Figure 8.29 shows the sum curves from the five modified PWR 2 
releases in conjunction with the unchanged PWR 2 curve from Fig. 
7.8. The resultant doses are very sensitive to any changes in 
the release fraction of iodine. 
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Fig. 8./.4. Centre-line bone-marrow doses as a func-
tion of distance in the PWR 2 release with a reduc-
tion to 10% of the iodines released (cf. A on page 
185). 
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Pig. 8.25. Centre-line bone-marrow doses as a function 
of distance in the PWR 2 release with a reduction to 
10% of iodines and other aerosols released (cf. 3 on 
page 185). No reduction of noble gases. 
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Fig. 8.27. Centre-line bone-marrow doses as a function 
of distance in the PWR 2 release with a reduction to 
1% of iodines and other aerosols released (cf. D on 
page 185). No reduction of noble gases. 
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PWR 2 - NOBLE GASES ONLY 
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PWR 2 — Release variations 
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8,7. BEEP release 
8.7.1. Release fraction 
Experimental work at Sandia Laboratory in the USA indicates that 
the probability of a steam explosion in the reactor vessel, which 
might cause containment failure, is two orders of magnitude lower 
than assumed in WASH-1400 (Berman et al., 1980). The probability 
of the most serious PWR release category in WASH-1400, category 
1, is thus reduced by two orders of magnitude. Furthermore, 
Nayrinqer (Munich, October 1981), in an analysis of the mechanism 
of large steam explosisions, excluded their posibility. Hence the 
WASH-1400 category 1 release is physically excluded. 
Theoretical and experimental work at Kernforschungszentrum 
Karlsruhe, Germany, shows that, for a German PWR, the time from 
a core melt until overpressure failure of the containment due to 
steam and gas generation and hydrogen combustion is 2-3 days 
(Rimnsland et al., 1980). Melt-through of the concrete base 
mat in the containment is unlikely, and it has been shown that 
the aerosol concentration of radioactive material in the con-
tainment atmosphere will decrease in 2-3 days by 3-5 orders of 
magnitude. Thus the amount of radionuclides available for release 
to the environment at the time of containment failure is very 
small, i.e. 10~2 to 10~3 times the WASH-1400 findings. The longer 
time interval between core-melt and containment failure in the 
new calculations is partly responsible for this reduction. 
Based on these results it appears that the most probable serious 
consequences of a core meltdown in a PWR would originate from a 
PWR 4 release. 
Scientists in the USA have recently re-evaluated the information 
available from reactor accidents such as SL-1, windscale, and 
Three Mile Island. These studies (Stratton et al., 1980, Leven-
son and Rahr, 1980) indicate that it is iodide - probably cesium 
iodide - rather than iodine that emerges from melting fuel. 
Cesium iodide is a much less volatile chemical compound that 
readily combines with the water and steam in light water reactor 
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system. Thus the release of fission products will be less than 
l% of the core content except for the noble gases. 
In the light of the above reports Gjørup (Risø-M-2299, appenix) 
analysed in detail the information available on the TMI 2, SL 1 
and Windscale accidents. 
Based on this work, a release from a reactor system with a re-
ducing atmosphere is suggested for further study. The fission 
product release is obtained as a Best Estimate from empirical 
Data (BEED). 
The time at which the release occurs after shut-down, the dura-
tion of release and the initial release height are assumed to 
be the same for BEED as for PWR 4 (Pigs. 4.2 and 4.3). 
The release fractions in per cent for PWR 4 and BEED are given 
in Pig. 8. 
Xe-Kr 
I -Br 
Cs-Rb 
Te-Sb 
Ba-Sr 
Ru a) 
La b) 
PWR4 
60 
9 
4 
3 
0,5 
0,3 
0,04 
BEED 
60 
1 
0,1 
0,5 
0,02 
0,02 
0,02 
Pig. 8.30. Release fractions for the PWR 4 release 
according to WASH-1400 (Fig. 4.1) and the BEED 
release category according to Risø-M-2299. 
a) includes Ru, Rh, Mo, Tc 
b) includes Y, La, Zr, Nb, Ce, Po, Nd, Pu, Am, Cm. 
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8.7.2. Dose calculations 
Dose calculations based on the above release conditions result in 
doses which in general are a factor 2-4 lower than the PWR 4 re-
leases, except for the noble gases. Figures 8.31 and 8.32 show 
bone-marrow doses and whole-body doses, respectively. Pigures 
8.33 and 8.34 show organ doses for the PWR 4 and the BEED re-
lease. As expected, the largest reduction (a factor of 10) is 
seen in the dose to the thyroid because of the significant re-
duction in the iodine release. 
Pigure 8.35 shows isodose curves for bone-marrow dose levels of 
2, 1, 0.5 and 0.1 Sv, respectively, for the two releases PWR 4 
and BBBD in the stability category D situation, u - 6 m/s, vg * 1 
E-2 m/s, no rain. The significant reduction in the area subjected 
to exposure at the different dose levels is obvious. 
8.7.3. Release probabilities 
In Risø-M-2299 it is argued that the most probable serious conse-
quences of core meltdown in a PWR would not originate from the 
accident sequences described by PWR 1,2, and 3, but from an ac-
cident sequence that includes a failure of the containment iso-
lation. 
In WASH-1400 a melted core and a non-isolating containment (and 
failure of the containment radioactivity removal system as well) 
occur in the PWR 4 release. Without going into a detailed study 
here of accident sequences leading to this situation, the PWR 4 
release is taken as representative of such a case. 
The probability of this release under these new assumptions, 
where the probabilities of the WASH-1400 PWR 1, 2 and 3 releases 
are considered extremely small, is here assumed to equal the sum 
of the probabilities of PWR 1, 2, 3 and 4, i.e. ~ 1.4 x 10"5 per 
reactor year. 
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APPENDIX 1 
Grids for describing the population 
distribution in the vicinity of 
Carnsore Point. 
Data were provided by the ESB. 
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Fig. A.I. Grid for describing the population distribution in the 
Carnsore area (coordinates according to the National Grid). 
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Pig. A.2. Resident population, 1979, in 5 x 5 km 
squares within 30 km of Carnsore Point. 
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Pig. A.3. Resistent population, 1979, in 1 " 1km 
squares within 20 km of Carnsore Point. 
(Coordinate system in National Grid). 
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Fig. A.4. Resident population, 1979, in 0.5 x 0.5 km squares 
within 5 km of Carnsore Point. 
(Coordinate system: National Grid). 
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APPENDIX 2 
Forsøgsanlæg Risø RP-4-80 
Reaktorteknikafdelingen April 1980 
CFH/ik 
CALCULATION OF RADIOACTIVE INVENTORY 
IN A TYPICAL BWR AND IN A TYPICAL PWR. 
COMPARISON WITH WASH-1400 
by 
C F . Højerup 
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Modern PWR operation is characterised by: 
Discharge burn-up 33 MWd/kgU 
Power density 34.4 kWAgU 
Enrichment 3.1 pet. 
Fuel residence time 4 years or 960 full power days 
(with an assumed utilization 
factor of 66%). 
The equilibrium core contains fuel that has had irradiations of 
between 0 and 33 MWdAgU. At the start of the annual cycle, the 
four generations of fuel eleirents have average burn-ups of: 
0r 8.25, 16.5 and 24.75 MWdAgU (average = 12.4 MWdAgU). 
At the end of the annual cycle the burn-up values are: 
8.25, 16.5, 24.75 and 33 MWdAgU (average = 20.6 MWdAgU). 
BWRs have lower enrichment and power density; discharge burn-up 
is also smaller. Characteristic values can be: 
Discharge burn-up 25 MWdAgU 
Power density 26 kWAgU 
Enrichment 2.6pct. 
Fuel residence time 4 years or 960 full power days 
with a utilization factor of 66%. 
The average burn-up of the BWR then varies between 9.4 MWdAgU 
and 15.6 MWdAgU , with a mean value of 12.5 MWdAgU. 
As the build-up of fission products, especially the trans-
uranics, may depend on a delicate balance between radioactive de-
cay and neutron absorption, the resulting inventorv of isotopes 
in a fuel load will be a function of numerous parameters, such as 
burn-up, power density, neutron spectrum, initial enrichment, 
reactor type - just to mention the more important ones. 
- 204 -
It follows that it is hardly possible to put numerical values 
on the concentrations of all nuclides present in any unspecified 
light-water-reactor core, unless such values are encumbered with 
unreasonably large ur certainties. 
Therefore we decided in the present case to find values for the 
two dominant reactor types, PWR and BWR, as specified in the 
text above. Table 1 lists a few of the more important radioactive 
elements at shut down (i.e. when maximum burn-up has been reached 
(T = 0)) and at 2,12 and 33 hours after shut-down. At T = 0 they 
are compared with the values given in WASH-1400, App. VI. It 
should be noted that the latter refer to a 3200 MWth reactor, run 
to an average burnup of 17.6 MWd/kgU at a power density of 40 
kWAgU» This corresponds to an energy production of E = 1.40 x 
106 HWd. In our PWR and BWR cases energy production is greater, 
namely 1.92 x 10* MWd. 
The three cases in Table 1 are then characterized in the following 
wayr 
WASH-1400 
PWR 
BWR 
Power 
MWth 
3200 
3200 
3200 
Power dens. 
kWAgU 
40 
34.4 
26 
Burn-up 
MwdAgu 
17.6 
20.6 
15.6 
Mass 
t U 
80 
93 
123 
Energy prod. Irr.time 
MWd F.P.days 
1.4 »106 
1.92-106 
1.92»106 
438 
600 
600 
Many of the trans-uranics come into being through long chains in-
volving radioactive transmutations and neutron absorption. They 
are, therefore, much more sensitive than fission products to all 
the parameters mentioned above. As an example Table 2 lists a few 
isotopes, including four of the higher trans-uranics. The dif-
ferences between them are large. (This might be due to different 
nuclear data). The WASH-1400 column shows these values multiplied 
by 1,37, the ratio of the energy production of the PWR and the 
BWR to that of the WASH-1400 reactor. Although multiplied by this 
ratio, the WASH-1400 numbers do not turn out to be conservative 
in all cases. 
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Table 1. Activities in 3200 MWth reactors. (108 Curies). 
(1 Ci »3.7 • 1010 Becquereli) 
Iodine 
131.132. 
133.134. 
135 
Cesium 
134.136 
137 
Tellurium 
127.127M 
129.129M 
131M.132 
Barium 
140 
Strontium 
89,90,91 
Ruthenium 
103,105, 
106 
cerium 
141,143 
144 
Neptunium 
239 
1 
WASH-1400 
PKR 
EK'R 
WASH-1400 
PWR 
BWR 
WASH-1400 
PWR 
BWR 
WASH-1400 
PWR 
BWR 
WASH-1400 
PWR 
BWR 
WASH-1400 
PWR 
BWR 
WASH-1400 
PWR 
BWR 
WASH-1400 
PWR 
BWR 
T = 0 
7.15 
7.03 
6.98 
0.152 
0.137 
0.118 
1.76 
1.65 
1.61 
1.6 
1.54 
1.54 
2.08 
2.01 
2.10 
2.07 
2.42 
2.25 
3.65 
3.77 
3.79 
16.4 
17.7 
16.5 
T = 2h 
5.41 
0.137 
1.59 
1.53 
1.86 
2.20 
3.72 
17.4 
T = 12h 
3.34 
0.137 
132 
1.50 
1.36 
1.71 
3.46 
15.4 
T = 33h 
2.19 
0.135 
1.06 
1.43 
1.00 
1.57 
3.05 
11.9 
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Table 2. Activities of soae isotopes (108 Curies). 3200 HHth 
reactors. 
Xe 135 
Cs 137 
Pu 241 
Am 241 
Cm 242 
Cm 244 
PWR 
0.45 
0.061 
0.082 
0.000053 
O.Olil 
0.00027 
BWR 
0.31 
0.061 
0.065 
0.000044 
0.0089 
0.00010 
WASH-1400 
0.34 
0.047 
0.034 
0.000017 
0.0050 
0.00023 
WASH-1400 
0.47 
0.0*4 
0.047 
0.000023 
0.006? 
0.00032 
WASB-1400* = (WASH-1400) x 
Energy production of PWR (and BWR) 
Energy production of WASH-1400 reactor 
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APPENDIX 3 
Calculation of the amounts of radionuclides released in the dif-
ferent release categories considered. As mentioned earlier, a 
PWR with the specifications mentioned in Appendix 2 also con-
stitutes the basis for BUR release calculations. 
Computer calculations are made of the PWR core inventory at shut-
down time (Pig. A 1), in half-hour steps up to 10 hours, and in 
two-hour steps up to 30 hours. 
The inventory amounts of radionuclides are a sum of exponential 
functions which in turn describe an exponential curve - at least 
during the time periods considered - of the form: a exp. (bt). 
Hence the amount released of a given radionuclide in a given 
period can be calculated as 
rf t2 Q1-Q2 
Q = J a exp (bt) dt * rf 
t2~ti ti In Q1/Q2 
where 
Q * amount of a given radionuclide released during the 
release period 
rf * release fraction, as given in Fig. 4.1. 
ti = start of release 
t2 * end of release 
Qj - amount of isotope at the time t - tj 
Q2 s amount of isotope at the time t • t2 
Figures A 2 to A 12 show the amounts of radionuclides released 
in the release categories considered. 
Activities are given i PBq (petabecquerel » 1015Bq). 
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Isotope 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
Y 9o 
Y 91 
Zr 95 
Zr 97 
Nb 95 
Nb 97 
Mo 99 
Te 99 m 
Ru lo3 
Ru lo5 
Ru lo6 
Rh lo5 
Rh lo6 
Sb 127 
Sb 129 
Te 127 m 
Te 127 
Te 129 ro 
Te 129 
Te 131 in 
Te 131 
l£ 1?2. 
Amount (PBQ) 
248 
57o 
14.6 
lo6o 
147o 
1.45 
15oo 
197o 
2 ooo 
lo9 
254o 
112 
258o 
34oo 
338o 
34oo 
34oo 
365o 
322o 
297o 
19oo 
732 
18oo 
8o2 
lo7 
587 
17.o 
lo5 
lo7 
565 
264 
17oo 
,27*o 
Isotope 
I 131 
I 132 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Np 239 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Am 241 
Cm 242 
Cm 244 
Amount (PBa) 
191o 
28oo 
331o 
443o 
381o 
26.9 
lol 
331o 
738 
lo5o 
111 
64.5 
142 
365o 
355o 
361o 
331o 
314o 
226o 
31oo 
228o 
131o 
312 
lo2o 
4o84o 
1.39 
o.639 
o.697 
191 
o.122 
33.8 
o.639 
Fia. A 1. Core inventorv at shut down. 
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IsotoDe 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
Y 9o 
Y 91 
Zr 95 
Zr 97 
Nb 95 
Nb 97 
Mo 99 
Te 99 m 
Ru lo3 
Ru lo5 
Ru lo6 
Rh lo 5 
Rh lo6 
Te 129 m 
Te 129 
Te 13JL m 
Te 131 
Te 132 
I 131 
7. 132 
Amount (PBa) 
169 
335 
13.1 
21o 
67o 
o.574 
321 
o.455 
loo 
5.42 
lo4 
o.336 
7.75 
lo.2 
9.o5 
lo.2 
9.53 
142o 
128o 
118o 
494 
292 
712 
292 
42.6 
181 
99.4 
41.2 
lo7o 
133o 
192o 
IsotoDe 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount (PBa) 
216o 
716 
2ooo 
24.1 
9o.6 
3ooo 
387 
131o 
44.4 
25.7 
56.9 
42.4 
177 
lo. 8 
9.95 
8.91 
6.76 
9.31 
6.76 
3.91 
o.938 
2.99 
o.oo41 
o.ool9 
o.oo21 
o.572 
119 
o.ooo37 
o.o91 
0.00I8 
Fia. A 2. PWR 1-release. 
Start of release 2.5 hours after shut down 
Duration of release 0.5 hours 
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Isotooe 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr Qo 
Sr 91 
Y 9o 
Y 91 
Zr 95 
Zr 97 
Nb 95 
Nb 97 
Mo 99 
Te 99 m 
Ru lo3 
Ru lo5 
Ru lo6 
Rh lo 5 
Rh lo6 
re 129 m 
Te 129 
Te 131 m 
Te 131 
Te 132 
I 131 
I 132 
Amount(PBa) 
169 
335 
13.1 
21o 
67o 
o.717 
4ol 
o.569 
12o 
6.51 
124 
o.447 
lo.3 
13.5 
12.1 
13.6 
12.7 
71.2 
64.2 
59.2 
24.7 
14.6 
35.6 
14.6 
32.o 
136 
74.6 
3o.9 
806 
133o 
192o 
IsotoDe 
I 133 
1 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 " 
Cs 134 
Cs 136 
Cs 137 
Cs 139 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount ipB??) 
216o 
716 
2ooo 
24.1 
9o.6 
3ooo 
387 
131o 
55.5 
32.1 
71.1 
53.o 
212 
14.5 
13.3 
11.9 
9. ol 
12.4 
9.ol 
5.21 
1.25 
3.98 
o.oo55 
o.oo26 
o.oo28 
o.763 
159 
o.ooo49 
o.121 
o.oo25 
Fio. A 3. PWR 2-release. 
Start of release 2.5 hours after shut down 
Duration of release 0.5 hours 
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Isotone 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
Y 9o 
Y 91 
Zr 95 
Zr 97 
Nb 95 
Nb 97 
Mo 99 
Te 99 m 
Ru lo3 
Ru lo5 
Ru lo6 
Rh lo5 
Rh lo6 
Te 129 m 
Te 129 
Te 131 m 
Te 131 
Te 132 
I 131 
I 132 
Amount iPBa) 
85.o 
187 
11.7 
36.4 
284 
o.286 
75.2 
o.oooll 
4o.o 
2.17 
3.3 
o.335 
7.74 
lo.l 
8.oo 
lo.2 
8.5o 
lo4 
95.1 
88.6 
23.2 
21.9 
52.o 
21.9 
31.9 
95.4 
69.6 
12.9 
785 
377 
536 
ISOtODC 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 ro 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pro 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
cm 244 
Amount (PBa) 
S6o 
25.9 
416 
21.4 
79.9 
2C4o 
249 
131o 
22.2 
12.7 
28.4 
o.5oo 
7o.2 
lo.8 
9.93 
8.37 
6.76 
9.3o 
6.76 
3.88 
o.938 
2.89 
o.oo41 
o.ool9 
o.oo21 
o.572 
115 
o.ooo37 
o.o91 
0.00I8 
Fia. A 4. PWR 3-release 
Start of release 5,0 hours after shut down 
Duration of release 1.5 hours 
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Isotooe 
ICr 83 m 
Kr 85 m 
Kr 85 
Cr 87 
Kr 88 
Elb 86 
Elb 88 
Elb 89 
Sr 89 
Sr 9o 
Sr 91 
sr 9 o 
)f 91 
Zr 95 
Zr 97 
Nb 95 
M> 97 
to 99 
Te 99 m 
Flu lo3 
Ru lo5 
flu lo6 
Elh lo5 
Flh lo6 
Te 129 m 
Te 129 
Te 131 m 
Te 131 
Te 132 
r 131 
r 132 
Amount (PBa) 
97.o 
2oo 
8.77 
lo3 
379 
o.o57 
26-2 
o.o4o 
lo. o 
o.542 
9.82 
o.o45 
l.o3 
1.35 
1.17 
1.36 
1.23 
lo.6 
9.6o 
8.87 
3.33 
2.19 
5.3o 
2.19 
3.2o 
12.3 
7.33 
3.12 
8o.l 
171 
245 
ISOtODC 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Up 239 
Am 241 
Cm 242 
Cm 244 
Amount (PBa) 
271 
62.o 
238 
16.1 
6o.3 
2ooo 
235 
894 
4.44 
2.56 
5.69 
2.78 
17.6 
1.45 
1.33 
1.17 
o.9ol 
1.24 
o.9ol 
o.52o 
o.125 
o.395 
5.51E-4 
2.57E-4 
2.8oE-4 
o.o76 
15.8 
4.9E-5 
0.012 
2.5E-4 
Fia. A 5. PWR 4-release 
Start of release 2 hours after shut down 
Duration of release 3 hours 
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Isotope 
<R 83 m 
<R 35 m 
Kr 85 
<r 87 
<r 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
* 9o 
Y 91 
Zr 95 
Zr 97 
Mb 95 
Nb 97 
<to 99 
Te 99 m 
Ru lo3 
Ru ir>5 
Ru lo6 
Rh lo5 
Rh lc6 
Te 129 m 
Te 129 
Te 131 m 
Te 131 
Te 132 
I 131 
I 132 
Fio. A 6. PWR 
Amount (PBoJ 
152 
93.4 
4.38 
42.4 
17o 
o.ol3 
5.36 
0.0068 
2.00 
o.lo9 
1.9o 
o.oo78 
o.181 
o.237 
o.2ol 
o.238 
0.211 
2.11 
1.91 
1.77 
o.619 
o.438 
l.o5 
o.438 
o. 532 
1.95 
1.21 
o.5o9 
13.3 
56.8 
81.5 
_-_EeJL£a§e 
Isotope 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 ra 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pro 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount (PBQ) 
88.8 
16.4 
75.5 
8.o3 
3o.l 
992 
113 
452 
o. 998 
0.5 ;« 
1.28 
0.477 
3.52 
o.253 
o.232 
o.2o3 
o.158 
o.217 
o.158 
o.o91 
o.o22 
o.o69 
• 9.6E-5 
4.5E-5 
4.9E-5 
o.ol3 
2.74 
8.6E-6 
0.002I 
4.3E-5 
Start of release 2 hours after shut down 
Duration of release 4 hours 
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I s o t o p e 
Or 83 m 
Or 85 m 
Or 85 
Or 87 
Kr 88 
lb 86 
Kb 88 
*b 89 
Sr 89 
Sr 9o 
Sr 91 
If 9o 
Sf 91 
Zr 95 
Zr 97 
Kb 95 
Kb 97 
to 99 
Tc 99 ra 
*u l o 3 
%u l o 5 
*u l o 6 
Ih l o 5 
m io6 
re 129 m 
Te 129 
re 131 m 
re 131 
re 132 
I 131 
I 132 
Fig. A 7. PWR 6 
Amount (PBg) 
2.16 
13.4 
4.38 
o.o78 
8.31 
o.ooll 
o.o22 
o 
o.179 
o.oo98 
o.o67 
o.ooll 
o.o26 
o.o34 
o.ol7 
o.o34 
o.ol7 
o.215 
o.2o2 
o.2o5 
o.olo 
o.o51 
o.lol 
o.o51 
0.I06 
0.114 
0.179 
o.o32 
2.37 
3.63 
4.82 
release 
isotope 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount (PBg) 
3.86 
2.5E-4 
1.32 
8.o3 
28.4 
972 
29.1 
375 
o.c89 
o.o5o 
0.114 
4.1E-8 
o.3o8 
o.o36 
o.o33 
0.022 
0.022 
o.o31 
0.022 
o.ol3 
o.oo31 
0.0083 
1.4E-5 
6.4E-6 
6.9E-6 
o.ool9 
0.334 
1.2E-6 
3-OE-4 
6.2E-6 
Start of release 12 hours after shut down 
Duration of release 10 hours 
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IsotoDe 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
Y 9o 
Y 91 
Zr 95 
Zr 97 
Nb 95 
Sb 97 
to 99 
Te 99 m 
Ru l o 3 
Ru l o 5 
Ru l o 6 
Rh l o 5 
Rh l o 6 
Te 129 m 
Te 129 
re 131 m 
re 131 
Te 132 
I 131 
I 132 
Amount (PBa) 
7 .2E-4 
1.6E-3 
4 .4E-5 
2 .1E-3 
3 .9E-3 
3 .6E-7 
8 .2E-4 
1.6E-4 
2-OE-8 
1 .1E-9 
2 .4E-8 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
1.1E-7 
5 .5E-7 
2 .6E-7 
9 .6E-7 
2 .7E-6 
2 .0E-4 
3 .0E-4 
IsotoDe 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount (PBa) 
3 .5E-4 
3 .7E-4 
3 .8E-4 
8 .oE-5 
3-OE-4 
9 .9E-3 
1 .7E-3 
3 .6E-3 
6 .7E-5 
3 .9E-5 
8 .5E-5 
8 .4E-4 
3 .5E-8 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
Fia. A 8. PWR 9-release 
Start of release 0.5 hours after shut down 
Duration of release 0.5 hours 
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Isotooe 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
* 9o 
Y 91 
Zr 95 
Zr ?7 
Kb 95 
db 97 
Ao 99 
Te 99 m 
Ru lo 3 
Ru lo5 
Ru lo6 
Rh lo5 
Rh lo6 
Te 129 m 
Te 129 
Te 131 m 
Te 131 
Te 132 
I 131 
I 132 
Amount(PBa) 
2ol 
4o2 
14.6 
3o7 
843 
o.574 
355 
1.79 
loo 
5.42 
lo7 
o.559 
12.9 
16.9 
15.4 
17.o 
16.1 
179o 
161o 
148o 
668 
366 
892 
366 
74.6 
332 
176 
112 
19oo 
762 
lloo 
isotODe 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 233 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount (PBn^  
125o 
555 
12oo 
26.8 
lol 
331o 
45o 
14oo 
44.4 
25.7 
56.9 
81.1 
177 
18.1 
16.6 
15.o 
11.3 
15.5 
11.3 
6.52 
1.56 
5.oo 
o.oo69 
o.oo32 
o.oo35 
o.953 
2oo 
0.0006I 
0.151 
o.oo31 
Fig, A 9. BWR 1-release 
Start of release 2 hours after shut down 
Duration of release 0.5 hours 
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Isotooe 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
Y 9o 
Y 91 
Zr 95 
Zr 97 
Nb 95 
Nb 97 
Mo 99 
Te 99 m 
Ru lo3 
Ru lo5 
Ru lo6 
Rh lo5 
r.h 2o6 
Te 129 m 
Te 129 
Te 131 m 
Te 131 
Te 132 
I 131 
I 132 
Amount(PBa) 
o.o89 
4.32 
14.6 
3.6E-5 
o.6o4 
o.686 
o.3o4 
o 
197 
lo.9 
25.1 
o.444 
lo.2 
13.4 
3.68 
13.6 
3.81 
79.o 
75.1 
86.9 
7.7o 
21.9 
33.1 
21.9 
31.3 
21.o 
38.4 
6.92 
625 
156o 
191o 
Isotope 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
3a 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount(PBa) 
lo7o 
2.3E-7 
122 
26.7 
85.6 
311o 
19.9 
586 
55.4 
3o.l 
71.1 
o 
331 
14.1 
13.o 
6.5o 
8.99 
12.2 
8.99 
4.83 
1.25 
2.76 
o.oo55 
o.oo26 
o.oo28 
o.762 
112 
5.oE-4 
o.121 
o.oo25 
Fig. A 10. BWR 2-release 
Start of release 30 hours after shut down 
Duration of release 3 hours 
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IsotODe 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
Y 9o 
Y 91 
Zr 95 
Zr 97 
Nb 95 
Nb 97 
to 99 
Te 99 m 
Ru lo Z 
Ru lo 5 
Ru lo6 
Rh lo5 
Rh lo6 
Te 129 m 
Te 129 
re 131 m 
Te 131 
re 132 
I 131 
[ 132 
Amount (PBa) 
o.o89 
4.32 
14.6 
3.6E-5 
o.6o4 
o.137 
0.06I 
0 
19.7 
l.o9 
2.51 
0.444 
lo.2 
13.4 
3.68 
:.3.6 
3.81 
52.7 
5o.l 
57.9 
5.13 
14.6 
22.1 
14.6 
31.3 
21.0 
38.4 
6.92 
625 
173 
m 
IsotODe I 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
L«. 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount lPRn)\ 
119 
2.6E-8 
13.5 
26.7 
85.6 
311o 
19.9 
586 
11.1 
6.o2 
14.2 
0 
33.1 
14.1 
13.0 
6.5o 
8.99 
12.2 
8.99 
4.83 
1.25 
2.76 
o.oo55 
o.oo26 
o.oo28 
o.762 
112 
5.oE-4 
0.121 
o.oo25 
Fio. A 11. BWR 3-release 
Start of release 30 hours after shut down 
Duration of release 3 hours 
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IsotODe 
Kr 83 m 
Kr 85 m 
Kr 85 
Kr 87 
Kr 88 
Rb 86 
Rb 88 
Rb 89 
Sr 89 
Sr 9o 
Sr 91 
Y 9o 
Y 91 
Zr 95 
Zr 97 
Nb 95 
Nb 97 
Ao 99 
Te 99 m 
Ru lo3 
Ru lo5 
Ru lo6 
Rh lo5 
Rh lo6 
Te 129 m 
re 129 
Te 131 m 
Te 131 
Te 132 
I 131 
I 132 
Amount (PBa) 
5.3E-2 
1.2E-1 
7.3E-3 
2.7E-2 
1.8E-1 
5.7E-9 
1.5E-6 
3.9E-11 
I.6E-I0 
8.7E-12 
1.3E-lo 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
8.5E-lo 
2.6E-9 
1.8E-9 
4.1E-lo 
2.1E-8 
3.9E-6 
5.5E-6 
IsotODe 
I 133 
I 134 
I 135 
Xe 131 m 
Xe 133 m 
Xe 133 
Xe 135 m 
Xe 135 
Cs 134 
Cs 136 
Cs 137 
Cs 138 
Ba 14o 
La 14o 
Ce 141 
Ce 143 
Ce 144 
Pr 143 
Pr 144 
Nd 147 
Pm 147 
Pm 149 
Pu 238 
Pu 239 
Pu 24o 
Pu 241 
Np 239 
Am 241 
Cm 242 
Cm 244 
Amount (PBa) 
5.7E-6 
3.7E-7 
4.2E-6 
1.3E-2 
5.oE-2 
1.6E+-0 
1.6E-1 
8.1E-1 
4.4E-7 
2.5E-7 
5.7E-7 
2.4E-8 
2.9E-lo 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
O 
0 
O 
0 
0 
0 
0 
Fia. A 12. BWR 5-release 
Start of release 3.5 hours after shut down 
Duration of release 5 hours 
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